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Rare earths and actinides are of great interest given their varied applications in energy 
conversion and storage, such as in catalysis and batteries, and for advanced technological 
applications related to optical and magnetic properties (including electronics and automotive), 
amongst others. Many of the rare earth elements are considered endangered species due to their 
unique properties which have no clear alternatives that will maintain performance for important 
applications. The optimal approach is to find readily available alternatives for critical materials 
to ensure a certain standard of living and quality of life for future generations, but it is very likely 
that reusing and recycling of endangered elements will be required. Computational methods are a 
key component in the search for less costly separation processes and in optimizing known 
separation methods, which could ultimately lead to reusing and recycling endangered elements, 
and for finding alternatives for critical materials. 
Optimization of separation processes is needed not only for separations of rare earths, but also 
for separations of actinides. Separating uranium from seawater has recently become an area of 
interest due to the large amount of uranium found in seawater, which exceeds the amount found 
on the Earth’s crust. Actinide separation is also required in the processing of radioactive waste, 
and is therefore necessary to fully realize the contribution of nuclear energy to an economy based 
on clean energy. 
Computational techniques can be enormously helpful in optimizing and designing separation 
agents to aid in the separation process of lanthanides and actinides. The chapters included in this 
dissertation seek to contribute to the understanding of complexation of lanthanides and actinides 
vi 
 
with different complexing agents, through in-depth computational studies. The material 
presented in Chapter II focuses on contributing to the understanding of the mechanism involved 
in solvent extraction of lanthanides with carboxylic acids. In particular, Chapter II studies 
possible conformations involved in the formation of the coordination shell and the determination 
of preferred coordination numbers. Chapter III studies effects of beta diketones with different 
substituents as extracting agents. Chapter IV focuses on providing better understanding of 
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A. Rare Earths 
 
 
Yttrium, and the lanthanide series (lanthanum through lutetium) form the group known as the 
rare earth elements
1
 (1). Rare earths are found in ores, from which the elements need to be 
separated. The principal ores are bastnasite LnFCO3, monazite (Ln, Th)PO4, and xenotime (Y, 
Ln)PO4 (2) (3). Lanthanides and yttrium (except for promethium) are found in monazite LnPO4 
(lighter lanthanides), bastnaesite LnCO3F (lighter lanthanides), xenotime LnPO4 (heavy 
lanthanides), loparite (light lanthanides), and lateritic clays (lighter or heavier lanthanides 
depending on the site) (4). The typical abundances of the lanthanides in the mentioned ores are 
shown in Table I-1. The largest rare earths reserves (approximately 70% of the global reserves) 
are in the southern region of China in the form of ionic ores (3). 
Table I-1: Typical abundance of the lanthanides in ores (3). 
% La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y 
Monazite 20 43 4.5 16 0 3 0.1 1.5 0.05 0.6 0.05 0.2 0.02 0.1 0.02 2.5 
Bastnasite 33.2 49.1 4.3 12 0 0.8 0.12 0.17 160 310 50 35 8 6 1 0.1 
Xenotime 0.5 5 0.7 2.2 0 1.9 0.2 4 1 8.6 2 5.4 0.9 6.2 0.4 60.0 
(a) Bold values are in ppm. 
The rare earth elements possess distinctive electronic (5), magnetic (6), luminescent (7), catalytic 
(8) (9), and optical properties that have proven extremely important in technology (10), and 
medicine as shift reagents (11) and in magnetic resonance imaging (12). Rare earths are also 
considered “strategic” for national defense due to their use in military components (10). 
                                                          
1
 Some rare earths’ classifications also include scandium. However, most rare earth scientists tend to exclude 
scandium from this classification. 
3 
 
Additionally, rare earths are integral in clean energy developments including rechargeable 
batteries in hybrid electric vehicles, fuel cells, wind turbine generators, low-energy lighting, and 
magnetic refrigeration (10). 
The rare earth elements are not particularly “rare”, since there are trace elements found in most 
geological environments in crustal rocks with abundances ranging from hundreds of parts per 
billion to tens of parts per million, which is not a low concentration with respect to the 
abundance of other elements (13). For example, cerium is the 27
th
 most abundant element in the 
crust of the Earth (13). The name of “rare” was given to these elements due to the minerals in 
which they were found that were considered to be rare over a century ago (10). These rare earth 
elements are spread throughout the Earth’s crust. Details regarding abundance can be found in 
reference (13). 
The demand for usage of rare earth elements has increased in recent years, and even exceeded 
the amount China could export (10). Table I-2 shows the global demand of rare earth elements, 
China’s production, consumption, and export quota. Approximately 60% of the global 
consumption is due to mature markets (catalysis, glassmaking, lighting, and metallurgy), and 
approximately 40% to high-growth markets (battery alloys, ceramics, and permanent markets) 
(10) (14). Some examples of rare earth uses include automotive catalytic converters (CeO2, 
La2O3, Nd2O3); glass additive and glass polishing (Ce); fluid catalytic cracking (La2O3) (10). The 
nickel-metal hydride battery in the Prius includes 22 kg of lanthanum and cerium; other 
components of the Prius include lanthanum, cerium, europium, yttrium, neodymium, 
praseodymium, dysprosium, and terbium (10) (15). Neodymium, praseodymium, dysprosium, 
and gadolinium are important elements used in magnets in cell phones, wind turbine generators, 
and electric motors (15). 
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Table I-2: Comparison of Chinese and world REE production and demand (10). 
 2008 (a) 2009 2010 2011 2012 (b) 
Global demand 124 85 120 105 123 
Production: China 125 120 109 98 na 
Consumption: China 68 60 71 70 80 
Export quota 56 50 30 30 30 
Rest of the world demand 56 25 49 35 45 
(a) Amounts in 100 000 mt. 
(b) Anticipated as of May 2012. 
 
Separation of rare earth element mixtures is challenging due to the similar chemical properties of 
these elements (16). It is easier to separate the cerium earths (lanthanum to europium) from the 
lutetium earths
2
 (gadolinium to lutetium); however, it is particularly difficult to separate adjacent 
lanthanides (3). The separation difficulty occurs due to the extremely similar behavior the 
lanthanide elements present largely due to the filling of their 4f orbitals (13).  
In order to make rare earths a sustainable resource, and to ensure a good quality of life for future 
generations, reusing and recycling these elements will be a necessity, since rare earths are 
considered to be endangered species (10). Figure I-1 shows the periodic table of endangered 
elements. 
                                                          
2





Figure I-1: Endangered Elements Periodic Table, created by Mike Pitts (10). References: red: serious threat in next 100 years; 
orange to red: rising threat from increasing use; orange: limited availability, future risk to supply; green: no threat,element is 
very abundant; rad. Symbol: formed by radioactive decay; white: insufficient information . 
 
 
B. Lanthanide contraction 
 
The ionic radius of the trivalent lanthanide ions decreases systematically when the atomic 
number increases, which is known as the lanthanide contraction (13). This decrease in radius is 
due to poor screening of the 4f electrons; therefore, contiguous lanthanides present like behavior, 
but not equal (3). The 4f electrons in the lanthanides are shielded from the ligands by the 5s and 
5p electrons, and it is thought that their behavior is “core-like”; therefore, their properties are 
believed to be independent of the environment (3). However, the 5s and 5p orbitals are not 
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shielded from the intensifying nuclear charge, which increases the effective nuclear charge, 
causing a contraction as the atomic number increases (3). This effect is also assigned in part to 





Actinides are elements with atomic number 89 to 103. They are radioactive with half-lives 
generally decreasing along the series. In general, the early actinides are believed to behave 
similarly to the transition metals, and the later actinides resemble the lanthanides. (3) The 
actinides have important relativistic effects that are addressed in a later section in this chapter. 
The 6d orbitals in the actinides are lower in energy than the 5f orbitals. Therefore, the 6d orbitals 
are filled before the 5f. The 5f orbitals begin filling with protactinium with the 6d orbitals not 
filling with the exception of curium. Differently from the lanthanides, the outermost f orbitals in 
the actinides are not shielded by the filled s and p (4f shielded by 5s and 5p in lanthanides, and 5f 
shielded by 6s and 6p in actinides). The 5f electrons are farther from the nucleus, and not 
shielded (in opposition to the similar 4f electrons in the lanthanides that are shielded), so they 
participate more in bonding. This capability for bonding allows for a wider range of oxidation 
states.  As the atomic number increases along the actinide series, the energy of the 5f electrons 
decreases because the 5f electrons do not shield themselves effectively from the nucleus.  




D. Solvent Extraction 
 
Solvent extraction is one of the main techniques used to separate lanthanides. In this technique, 
two immiscible liquids are used (an aqueous and an organic phase); the lanthanides to be 
separated are dissolved in the aqueous phase, and the extracting agent is in the organic phase 
(17). The organic phase, which contains an extracting agent (HR) dissolved in an organic 
solvent, is illustrated schematically in Figure I-2. The extracting agent complexes with the 
lanthanide in conjunction with the loss of protons, consequently extracting it from the aqueous 
solution upon forming the metal-ligand complex,            . Equation I-1 shows the 
chemical equation for this reaction. The protonated extracting agent is HR,  and the deprotonated 
ligand in the extracted compound is R
-
. The protons in solution from the extracting agent after 
complexation will be exchanged into the aqueous phase. 
                                       
 
     
Equation I-1: Extraction of Ln 
The aqueous and organic phases are mixed together, separated, and the organic layer is treated 





Figure I-2: Diagram representing the extraction of a lanthanide (Ln) through solvent extraction  
Other details regarding the extraction process can be found in references (3) and (18).  
 
 
E. Coordination Studies of Lanthanides 
 
The coordination number of lanthanides and yttrium vary depending on the ligand. These 
numbers can vary from 6 to 10; most commonly, the preferred coordination is eight or nine (19). 
Previous studies have suggested that the coordination number of lanthanides in complexes 
appears to depend greatly on the bulkiness of the ligands in the coordination sphere (19). Steric 
effects are frequently considered of first order and second order. First-order refers to the atoms 
directly bound to the lanthanide; second-order addresses the influence of ligands that are not 
directly in contact with the lanthanide, but inhibit other ligands from being a part of the first-
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order coordination sphere (19). Hydration numbers of lanthanides have been studied, as well as 
coordination in other environments; however, coordination is easier to determine in crystalline 
solids than in the solution phase. References (19) (20) (21) (22) (23) (24) include studies and 
determination of important experimental considerations for coordination. 
Additional information regarding coordination of lanthanides can be found in chapter 4 of 
reference (3).  
 
F. Density Functional Theory 
 
The calculations presented in the subsequent chapters were performed with NWChem using 
Density Functional Theory (DFT). A brief background of this theory is included in this section, 
based on the material presented in Koch and Holthausen (25). 
When seeking to find the energy of a state corresponding to a particular wavefunction, one needs 
to solve the Schrodinger equation (Equation I-2) to find the eigenvalues of this equation. 
                                                      
Equation I-2: Non-relativistic Schrodinger Equation 
with   being the Hamiltonian operator (Equation I-3) representing the total energy of a system 




   
 
 
   
 
 










   
   
  
   
 
   
 
   
   
 
   
 
   
 
   
   
    
   
 
   
 
   
 
Equation I-3: Hamiltonian operator 
The first term in Equation I-3 corresponds to the kinetic energy of the electrons in the system; 
whereas the second term indicates the kinetic energy of the nuclei, with the Laplacian operator 
defined as the sum of differential operators (Equation I-4). The third term in Equation I-3 
corresponds to the electrostatic interaction between nuclei and electrons; the fourth term 
represents the repulsive potential from electron-electron interactions; and the last term 




    
 
  
    
 
  
    
 
Equation I-4: Laplacian operators 
 
Since the electrons are much lighter than nuclei, and therefore, move much more slowly than 
nuclei, the Born-Oppenheimer approximation assumes the nuclei to be fixed in space (given their 
relative velocities with respect of those of the electrons). This assumption of the nuclei being 
fixed in space results in the Hamitonian operator (Equation I-3) being reduced to the electronic 
Hamiltonian (Equation I-5) which depends only on the electron coordinates. 
       
 
 
   
 
 
   
   
  
   
 
   
 
   
   
 
   
 
   
 
   
              
Equation I-5: Electronic Hamiltonian operator 
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In order to solve the Schrodinger equation (Equation I-2), a Hamiltonian operator for the system 
studied needs to be determined, and then the eigenfunctions and its corresponding eigenvalues 
can be acquired. Since the Schrodinger equation can be solved exactly only for a few trivial 
exceptions, other methods to systematically obtain the wavefunction of the ground state are 
implemented, such as the variational principle. The variational principle indicates that the energy 
calculated following Equation I-6 as the expectation value of the energy computing using any 
trial wavefunction will be upper bound to the energy of the ground state (Equation I-7). 
              
                                       
Equation I-6: Expectation value 
 
                                        
Equation I-7 
The minimization occurs by searching through all acceptable N-electron wave functions. The 
ground state energy is therefore found as a functional of the number of electrons and the nuclear 
potential (Equation I-8). 
             
Equation I-8 
A proper treatment of density functional theory should address the Hartree-Fock approximation, 
electron correlation, electron density, Hohenberg-Kohn theorems, including the Kohn-Sham 
approximation, and other concepts. Since this is intended to be a short introduction to DFT, 
details about these concepts are left to the reader, and can be found in (25). 
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Solving the Kohn-Sham equations exactly is not possible due to the exact functional and the 
corresponding potential not being known. A common procedure to find an approximate solution 
to the one-electron Kohn-Sham equation (Equation I-9 and Equation I-11) in a computationally 
feasible manner involves introducing a linear-combination-of-atomic-orbitals (LCAO) which 




     
        
 
   
   
 
 
          
  
   
 
 
          
Equation I-9 
The Kohn-Sham one-electron operator (Equation I-10) includes exchange and correlation 
potentials, unlike the Hartree-Fock operator, which does not include Coulomb correlation, but 
includes the Fermi correlation (or exchange). The Kohn-Sham operator includes the exchange-
correlation potential,     (unknown in an exact form). The exchange-correlation potential is the 
functional derivative of the exchange-correlation energy,    , with respect to the charge density. 
      
 
 
     
        
 
   
   
 
 
          
  





            
Equation I-11 
The Kohn-Sham equations are challenging, particularly due to the kinetic energy operator being 
a differential operator, and the Coulomb interaction being an integral operator. The goal is to 
obtain the molecular orbitals     , which are the solutions to the Kohn-Sham equation giving the 
ground state density which corresponds to the exchange-correlation potential used. If the exact 
exchange-correlation potential would be known, the exact density would be known. 
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The Kohn-Sham orbitals are linearly expanded with a predefined set of L basis functions      
(Equation I-12). In order for these to accurately represent a complete basis, there should be 
infinite sets included in the LCAO. Using predefined basis functions to expand the Khon-Sham 
orbitals, the original non-linear problem is reduced into a linear problem with the only variables 
being the coefficients     used. 
         
 
   
 
Equation I-12 
Through the use of basis sets, the wavefunction is built by defining the orbitals through the basis 
functions     .This set consists of Cartesian Gaussian-type-orbitals (GTO), shown in Equation 
I-13. 




with N being a normalization constant,   being the orbital exponent determining the how 
compact or diffuse the function is. 
Another set of choice are the Slater-type-orbitals (STO), which are expressed in Equation I-14 
                       
Equation I-14 
with n corresponding to the principal quantum number, the   and          describing the 
angular component of the function. Using STO basis sets is difficult due to the need to solving 
them through numerical methods only. 
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There are several types of basis sets. In this brief introduction details are given only for basis sets 
used in calculations in following chapters. Double-zeta basis sets include two functions for each 
orbitals. Heavy elements usually use relativistic effective core potentials (RECP), also known as 
pseudopotentials, in which a certain number of electrons are considered non-interacting. There 
are several known functionals. Details about known functionals and their capabilities can be 
found in reference (25).  The B3LYP hybrid functional was used for most compounds presented 
in the later chapters. The B3LYP exchange-correlation energy is indicated in Equation I-15. 
   
              
         
        
        
           
    
Equation I-15 
 
Many details pertaining to Density Functional Theory, basis sets, and functionals and can be 
found in (25), (26), and others. Particular details regarding challenges presented by density 
functional theory can be found in reference (27). 
Details of the B3LYP functional, and other considerations regarding density functionals used in 
chemistry applications can be found in reference (28). 
 
G. Relativistic effects 
 
The velocity of the electrons in lighter elements is much smaller than the speed of light. 
Conversely for the actinides and slightly for the lanthanides, the velocity of the electrons 
increases approaching the speed of light, thereby increasing their mass. (3) 
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Relativistic effects are not relevant for most systems; however, for systems with heavy elements, 
relativistic effects must be considered for accuracy in calculations. The Schrodinger equation 
shown in Equation I-2 is non-relativistic. The mass of electrons increases when electrons 
approach the speed of light, a phenomenon known as mass defect. This effect is important in 
particular for s orbitals closest to the nucleus. Mass defect considerations are particularly 
relevant in heavy elements (usually with atomic number higher than 55), in which mass defect 
effects shield the nucleus. This shielding causes an expansion of the d and f orbitals by 
contracting the s and p orbitals closer to the nucleus. (26) 
There are intrinsic electron spin, electron orbital motion, and nuclear spin motions in an atom. 
These motions of charged particles create a magnetic field. Magnetic field interactions cause spin 
couplings. Lightest transition metals present most significant spin-orbit couplings, and the 
heaviest actinides are affected by spin-spin couplings. (26) 
A noticeable distinction between the f electron in lanthanides (4f) and actinides (5f) is that the 5f 
electrons are less tightly bound than predicted through non-relativistic calculations. This causes 
the 5f electrons to be more involved in bonding, and also contributing to a larger range of 
oxidation states. (3) 
Effective core potentials (ECP) are used to include relativistic effects in calculations by adding a 
term to the Hamiltonian. When a core potential is used, there are no relativistic terms added, but 
a relativity effect is included in the core electrons. The core electrons and their corresponding 
basis functions are replaced by a potential term in the Hamiltonian. Besides reducing the CPU 
time needed in calculations the core potentials compensate for relativistic mass defects and spin 
coupling terms important near the nuclei (26). 
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Additional information about relativistic pseudopotentials can be found in reference (29). A 
recent review on relativistic effects can be found in reference (30).   
 
H. Spin Contamination 
 
 
Some systems do not have all their electrons paired up (multiplicities higher than one). In such 
cases, there are two sets of electrons with different spins, which are usually referred to as alpha 
and beta spins. The orbitals corresponding to the alpha and beta spins are slightly different, 
which is referred to as spin polarization. The set of orbitals for the alpha spins and the one for the 
beta spins use the same set of basis functions, but they have different coefficients for the 
molecular orbitals. Calculations in which the alpha and beta spins are treated separately are 
efficient from a calculations perspective. The disadvantage is that the wavefunction is not an 
eigenfunction of the total spin. This difference in energies between alpha and beta orbitals 
introduces error which is known as spin contamination. (26) 
In cases in which spin contamination is present, the resulting wavefunction presents a mixture of 
spin states, which results in the total energy being slightly lower possibly due to higher number 
of vibrational freedom. A high spin contamination will have implications in the optimized 
geometry and population analysis. (26) 





I. Computational studies of lanthanide containing compounds 
 
 
The first systematic study of hydration of lanthanides was performed by Dolg, et. al. in 2010 
(32). Subsequent studies of coordination in water do not all specifically analyze the coordination 
preference (33) (34). Other work has examined the influence of using deuterated water, as 
presented in reference (35). Coordination in lanthanide compounds have been more commonly 
studied in solid phases using diffraction techniques, including neutron scattering and x-ray 
scattering (36). Coordination preferences appear to be largely electrostatic, which lead Boehme, 
et. al. to conclude that the steric effects from the first coordination shell likely affects selection 
preferences the most (37). In addition, Berny, et. al. indicated that the cations and other species 
interacting with the first coordination shell in the solution play an important role in ligand 
preference (38). To our knowledge, with the exception of water, there have not been systematic 
computational studies of lanthanides with other ligands in solution that give particular 
consideration to the coordination preferences of the rare earths. Therefore, this remains an 
important component of solvent based lanthanide separations that is not well understood. 
Additional information relevant for this section can be found in chapter 11 of reference (3).     
 
J. Computational studies of actinide containing compounds 
 
There have been many computational studies of actinide containing compounds. Spin 
contamination, relativistic effects (addressed in previous sections) present particular challenges 
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in actinide containing systems. Relevant information regarding using density functional theory 
and other computational methods in actinide complexes, as well as calculations in applied studies  

















II. Computational Studies of Coordination of lanthanides with 2-





























Separating trivalent lanthanides is difficult due to their similarities in chemical behavior. Seeking 
to better understand the process of complexation lanthanides undergo throughout solvent 
extraction, multiple compound configurations were studied in the gas phase for lutetium in an 
environment with 2-phenylbutyric acid, acetic acid, and water. The compound configurations 
studied were chosen to provide a deeper understanding of the possible step-wise reaction 
pathways involved in solvent extraction processes. The aforementioned configurations 
correspond to possible pathways in a systematic addition of one extracting agent molecule at a 
time, from an initial aqueous phase into a fully saturated extracted compound in the organic 
phase. The two carboxylic acids in this study were chosen in order to consider different 
selectivity properties as a function of the composition and size of the extracting agent, since 
acetic acid is the unsubstituted counterpart of 2-phenylbutyric acid. The theoretical protocol 
involved an in-depth analysis of the step-wise reactions involved in a two-phased extraction 
method by considering different possible coordination environments, calculating relative 
energies of formation, bond valence analysis and equivalent volume for the coordination sphere, 
and bond lengths, thereby gaining fundamental understanding of the mechanism of complex 










The complexation process for lutetium in a solvent extraction process is modeled as indicated in 
Equation II-1, by proposing multiple structure configurations from an aqueous environment (m = 
p = 0) in a first step, to a complex fully saturated by the extracting agent (n = 0) lastly. Possible 
intermediate structures are studied for m = 0 to 3, and p = 0 to 6, with n decreasing by two units 
when m increases one unit (since each R
-
 provides two oxygen atoms for coordination); and  
decreasing one unit when p increases one unit (due to HR providing one oxygen atom for 
coordination). 
          
  
   
             
                                          
 
    
Equation II-1: Equation for formation of                           
In order to provide some corroboration of the validity of the results from calculations, the bond 
valence analysis was applied to each compound configuration. Although this analysis is designed 
for crystalline structures in the solid state, it is used in this discussion as a reference parameter, 
since there is little information regarding the configurations of the proposed compounds studied 
in the gas phase, or in solution. The size of several of the compounds in this paper presented 
computational challenges; however, these ligands were chosen specifically to study effects of 






1. Electronic Structure Calculations 
 
Geometry optimizations and vibrational frequency calculations were obtained for each 
compound in this chapter using density functional theory (DFT) with the NWChem package 
(50). The B3LYP functional (51) (52) (53) was used, as well as the double-zeta polarized 6-31g* 
basis set for hydrogen, carbon, and oxygen atoms (54). The Stuttgart RSC Segmented Effective 
Core Potential and its associated basis set (55)  were used for lutetium, and the. The most diffuse 
S, P, D, F, and all G functions on lutetium, were excluded from the basis in order to improve 
convergence.  Basis sets were obtained from the EMSL database (56) (57). The Stuttgart RSC 
Segmented ECP was used to account for relativistic effects, in which 28 electrons of Lu(III) are 
replaced with a pseudopotential (55) . Its corresponding basis set was used for Lu(III), including 
10s 8p 5d 4f 3g basis functions; although the most diffuse S, P, D, F, and all G were not included 
in the calculations for ease of convergence. Geometry optimizations were performed with the 
default energy, gradient, and density convergence threshold, except for some cases in which 
tighter convergence criteria was needed. Frequency calculations were performed to obtain 
thermochemical corrections, and to verify the structures reflect local minima. All calculations 
were performed with resources of the National Institute for Computational Science (NICS), the 
Oak Ridge Leadership Computational Facility (OLCF), and the cluster Handy at the Institute for 




2. Bond Valence Analysis 
 
The bond valence analysis (58) (59) was used as an indicator to measure the validity of the 
structures proposed. The bond valence analysis is based on the valence sum rule, which indicates 
that the valence (  ) of an ion equals the sum of the bond valences around it, considering a bond 
between an atom i and an atom j (58) (59) as indicated in Equation II-2. 
                                                                      
Equation II-2 
 
     
       
  
Equation II-3 
                                 (60)                                 
                                       
              
 
3. Equivalent Sphere 
The equivalent spherical diameter (61) was used to calculate the equivalent sphere volume of the 
coordination shell. The equivalent radius (  ) was calculated as the average of the Lu-O bond 
lengths in the coordination shell (Equation II-4). The equivalent volume (  ) was calculated as 
indicated in Equation II-5. 
   




                                                     
Equation II-4 
   
 
 





D. Determination of coordination number 
 
In order to determine the preferred coordination number of lanthanide complexes with 2-
phenylbutyric acid and acetic acid, the lanthanides were studied in an environment with nine 
ligands to simulate an environment of excess acid available. Examples for this analysis are 
included in this section for LuR3(HR)6 for HR = acetic acid, and 2-phenylbutyric acid, and for 
LaR3(HR)6 for 2-phenylbutyric acid. 
In presence of excess 2-phenylbutyric acid and acetic acid lutetium presented a preferred 
coordination number of eight, with five ligands providing the atoms in the coordination shell as 
well as the two oxygen atoms from hydroxyl groups found outside the coordination shell. A clear 
break is noticeable between atom eight (O8) and nine (O9) shown in Figure II-1 and Figure II-3. 
A closer look at the coordination shell can be found in Figure II-4, and Figure II-5. An in depth 
analysis of the coordination of lutetium in this configuration is found in section II.G. 
In excess of 2-phenylbutyric acid, lanthanum presented a preferred coordination number of nine, 
with a difference in bond length between oxygen nine (O9) and oxygen 10 (O10). There is not a 
defined separation between the coordination shell and the first oxygen atom outside the 
coordination shell, as ot was found with lutetium. For lanthanum there is still a difference, but it 
is very small. Figure II-2 shows a bar plot representing the La-O distances. A closer look at the 
coordination shell can be found in Figure II-6. 
The Ln-O distances shown in Figure II-1 to Figure II-6 represent in light blue distances from the 
lanthanide ion to oxygen atoms from singly deprotonated acids, dark blue from carbonyl groups 




Figure II-1: Lu-O distances in LuR3(HR)6, with HR = 2-phenylbutyric acid 
 
 
Figure II-2: La-O distances in LuR3(HR)6, with HR = 2-phenylbutyric acid  
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Figure II-3: Lu-O distances in coordination shell of LuR3(HR)6, with HR = acetic acid 
 
 
Figure II-4: Lu-O distances in coordination shell of LuR3(HR)6, with HR = 2-phenylbutyric acid. 
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Figure II-5: Lu-O distances in coordination shell of LuR3(HR)6, with HR = acetic acid. 
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E. Aqueous environment 
 
In an effort to understand the first step in the extraction process, lutetium was studied in the 
presence of water molecules in the gas phase intending to provide some insight to the step prior 
to the complexation process with the extracting agent. The compound           
  
   
was 
studied for n = 8 to 13. Studies of electronic structure calculations for lanthanides in an aqueous 
phase have been intensively researched by Clark, et. al. (62) (63) (64), and others (65). The 
intention of including an aqueous environment in this case is to merely discuss qualitatively the 
coordination behavior of lutetium when in different environments with the same computational 
considerations used for later compounds in this study seeking to maintain a cohesive set for ease 
of comparison within the structures proposed. 
                           
  
   
 
Equation II-6: Formation of [Ln(H2O)n]
+3
 (g) 
A preference of coordination of eight was found for lutetium in an environment of eight to 
thirteen water molecules (Equation II-6). It is important to notice that another configuration was 
found with nine water molecules with a coordination preference of nine (Table II-2). This 
configuration presented a formation energy 9 kcal higher than the lowest energy configuration, 
and a configuration with three oxygen atoms in the coordination shell farther from the lutetium 
ion than in all other cases, and in two distinct groups. The first group containing six oxygen 
atoms at 2.38 Å, and the second group containing three oxygen atoms at 2.46 Å (Figure II-11, 
Figure II-13, and Figure II-12), with a pseudo-symmetry of D3h (tricapped trigonal prism)   with 
respect of the oxygen atoms only Figure II-7 to Figure II-21 show the optimized geometries 
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  for   = 8 to 13. All oxygen atoms in the bar graphs are shown in red, except 
for the three oxygen atoms in a separated group for n = 9 (configuration 2) in which are shown in 
blue for ease of viewing. Experimental results validate the group distribution in the coordination 
shell when lutetium is in the presence of nine water molecules (66) . This result suggests that the 
coordination shell for lutetium expands in order to accommodate the nine water molecules in 
certain conditions (such as in the solid state presented in this reference) when there are only nine 
water molecules available. The volume of the equivalent coordination sphere is approximately 2 
Å larger in diameter than the corresponding one to n = 8 to 13 with a coordination of eight). 
The coordination shell for            
  
   
  for   = 8 to 13 presented an equivalent volume 
between 54.66 and 54.11 Å
3
 decreasing as the number of water molecules increased. The 
equivalent sphere calculated for the coordination shell decreases as the number of water 
molecules outside the coordination shell increases. The volume of the equivalent sphere 
decreases between 0.1 and 0.2 Å with each additional water molecule present outside the 
coordination shell. The average Lu-O distance in the coordination shell was found to be 2.35 Å 
with a standard deviation of 0.004 Å. The bond valence analysis presented an average value of 
2.89 with a standard deviation of 0.037, increasing from 2.84 with eight water molecules, to 2.93 
with thirteen water molecules. The bond valence analysis indicated that considering the oxygen 
atoms within the coordination shell was more effective than including all outside atoms. This 
method also showed configuration 2 for   = 9 was not preferred, given that this molecule shows 
a total contribution farthest from the oxidation state for Lu(III) (Table II-2). The Gibbs Free 
Energy of reaction decreases as   increases, at a rate of -20.7 with an R2 of 1.00, which is 




 Table II-1: Coordination preferences, equivalent sphere, Gibbs Free Energy of reaction, bond valence 
analysis, Lu-O distances, and HOMO-LUMO gap for [Lu(H2O)n]




































8 8 2.35 0.00 54.66 2.84 2.84 10 - 
9 8 2.35 0.02 54.62 2.85 2.85 
 
-22.64 
10 8 2.35 0.03 54.47 2.87 2.87 9 -47.04 
11 8 2.35 0.03 54.30 2.90 2.89 9 -69.80 
12 8 2.35 0.04 54.11 2.92 2.91 9 -86.54 
13 8 2.34 0.02 54.00 2.93 2.92 9 -106.39 
 
 
Table II-2: Coordination preferences, equivalent sphere, Gibbs Free Energy of reaction, bond valence analysis, Lu-O distances, 
and HOMO-LUMO gap for [Lu(H2O)9]
+3




































9 8 2.35 0.02 54.62 2.85 2.85  - 
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Figure II-9: Optimized geometry of [Lu(H2O)9]
+3




Figure II-10: Lu-O distances in of [Lu(H2O)9]
+3
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Figure II-11: Optimized geometry of [Lu(H2O)9]
+3 
(configuration 2 – view 1). 
 
 
Figure II-12: Optimized geometry of [Lu(H2O)9]
+3 
(configuration 2 – view 2). 
 
 
Figure II-13: Lu-O distances in of [Lu(H2O)9]
+3
 (Å) (configuration 2). 
 
 
2.38 2.38 2.38 2.38 2.38 2.38 
2.46 2.46 2.46 
O1 O2 O3 O4 O5 O6 O7 O8 O9 
Atom label 




















2.29 2.33 2.34 2.36 2.36 2.37 2.37 2.40 
4.22 4.23 
O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 






















2.29 2.32 2.34 2.35 2.35 2.36 2.37 2.41 
4.18 4.21 4.24 
O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 O11 


















2.29 2.32 2.33 2.33 2.37 2.37 2.37 2.39 
4.03 4.17 4.19 
4.67 
O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 O11 O12 


















2.33 2.33 2.33 2.33 2.34 2.35 2.37 2.37 
4.15 4.15 4.20 4.25 4.25 
O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 O11 O12 O13 
Atom label 





F. Acetic acid environment 
 
Twenty structures were proposed to study the complexation of lutetium when extracted with 
acetic acid. Table II-3 shows data corresponding to these structures including the preferred 
coordination number, the equivalent sphere volume of the coordination shell, bond valence 
analysis, Lu-O distances, HOMO-LUMO gaps, and difference in energy of formation (according 
to Equation II-1) for each compound. 
The preferred coordination number was found to be eight, and nine. For eightfold coordination, 
the volume of the equivalent sphere presented an average of 53.44 Å
3
 (σ = 0.287), and for nine-
fold coordination, it was 57.28 Å
3 
(σ = 0.355). Details about these results are included in Table 
II-3. The volume of the equivalent sphere was found to increase 3.61 Å
3
 when the coordination 
increased from eight to nine. In most cases, the coordination shell was formed by the oxygen 
atoms from the water molecules, both oxygen atoms from the singly-deprotonated acids, and one 
oxygen atom from the carbonyl group in the acid. Details about composition of the coordination 
shell is shown in Figure II-23, Figure II-25, Figure II-27, Figure II-29, Figure II-31, Figure II-33, 
Figure II-35, Figure II-37, Figure II-39, Figure II-41, Figure II-43, Figure II-45, Figure II-47, 
Figure II-49, Figure II-51, Figure II-53, Figure II-55, Figure II-57, and Figure II-59. The 
available HOMO-LUMO gaps show a decrease of 2 eV when Lu(III) was in the presence of at 
least three deprotonated ligands and water. The bond valence analysis of the coordination shell 
showed a range between 2.66 and 3.08, with the minimum corresponding to           , and 
the maximum to           . The optimum value of 3.00 was found for           , 
          ,               , and                 . Details are shown in Table II-3. 
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A significant difference in Gibbs Free energy of reaction was found when studying compounds 
for within limits of m = 1 to 3, p  = 0 to 6, and n = 0 to 9.  A decrease in energy of formation 
according to Equation II-1 was noted when one more acid was added to the compound formed. 
Adding one singly-deprotonated ligand to the Lu(III) ion in an aqueous environment the energy 
of formation decreased 244 kcal; adding another singly-deprotonated acid presented a decrease 
in energy of 165 kcal; and when adding a third singly-deprotonated acid the energy decreased by 
111 kcal. Adding three singly-deprotonated acids forms a neutral compound, which shows one of 
the compound with lowest energy. From the compounds studied for HR = acetic acid, the only 
other compounds with slightly lower energy of formation are           ,           , 
               ,                 ,           ,                 ,           . 
Details are shown in Table II-3. 
Given the calculated Gibbs Free Energy of formation in the gas phase of the studied compounds, 
β constants could be estimated. The calculated Gibbs Free energies of reaction are shown in 
Equation II-7 to Equation II-11. 
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Equation II-11 
The orientation of the water molecules and the hydroxyl groups in the acids seem to suggest 

















Table II-3: Coordination preferences, equivalent sphere, Gibbs Free Energy of reaction, bond valence analysis, Lu-O distances, 
and HOMO-LUMO gap level for 21 configurations of LuRm(HR)p(H2O)n for m = 1 to 3; p = 0 to 3, and 4 to 6; n = 0 to 9; HR = acetic 
acid. 



































1 0 6 8 2.34 0.06 53.35 3.02 3.02 8 -244.71 
1 0 7 8 2.33 0.05 53.25 3.02 3.02 
 
-258.08 
1 0 8 8 2.34 0.06 53.59 3.00 3.01 8 -267.51 
1 0 9 8 2.34 0.04 53.37 3.00 3.02 8 -282.51 
2 0 4 8 2.33 0.06 52.87 3.08 3.08 8 -448.42 
2 0 5 8 2.33 0.03 53.02 3.04 3.02 
 
-452.28 
2 0 6 8 2.34 0.05 53.58 2.99 3.02 
 
-455.28 
3 0 2 8 2.34 0.06 53.54 3.00 3.00 8 -566.91 
3 0 3 8 2.34 0.04 53.59 2.97 3.02 
 
-569.72 
3 0 4 9 2.39 0.04 57.38 2.90 2.90 8 -571.42 
3 1 1 8 2.34 0.07 53.92 2.96 2.96 6 -557.87 
3 1 2 9 2.38 0.04 56.77 2.96 2.96 6 -554.75   
3 1 3 8 2.34 0.06 53.48 3.00 3.01 
 
-558.71* 
3 2 0 8 2.34 0.02 53.44 2.98 2.99 6 -545.76 
3 2 1 8 2.33 0.03 53.32 3.00 3.01 
 
-545.16 
3 2 2 9 2.39 0.06 57.52 2.89 2.90 
 
-550.54 * 
3 3 0 9 2.40 0.08 57.65 2.90 2.92 6 -550.78 
3 3 1 8 2.34 0.04 53.88 2.95 2.96 7 -558.35 
3 4 0 9 2.39 0.05 57.08 2.93 2.94 6 -541.02 
3 6 0 9 2.39 0.06 57.07 2.95 2.97 6 -549.38 
 





Figure II-22: Optimized geometry of [LuR(H2O)6]
+2




Figure II-23: Lu-O distances in [LuR(H2O)6]
+2
, with HR = acetic acid. 
 
The coordination shell of [LuR(H2O)6]
+2
 is composed of six oxygen atoms from water 
molecules, and two oxygen atoms from bidentate singly-deprotonated acetic acid. (Figure II-22 
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Figure II-24: Optimized geometry of [LuR(H2O)7]
+2




Figure II-25: Lu-O distances in [LuR(H2O)7]
+2
, with HR = acetic acid. 
 
The coordination shell of [LuR(H2O)7]
+2
 is composed of six oxygen atoms from water 
molecules, and two oxygen atoms from bidentate singly-deprotonated acetic acids. There is one 
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Figure II-26: Optimized geometry of [LuR(H2O)8]
+2
, with HR = acetic acid. 
 
 
Figure II-27: Lu-O distances in [LuR(H2O)8]
+2
, with HR = acetic acid. 
 
The coordination shell of [LuR(H2O)8]
+2
 is composed of six oxygen atoms from water 
molecules, and two oxygen atoms from bidentate singly-deprotonated acetic acids. There are two 
oxygen atoms from water molecules outside the coordination shell. (Figure II-26 and Figure 
II-27) 
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Figure II-28: Optimized geometry of [LuR(H2O)9]
+2
, with HR = acetic acid. 
 
 
Figure II-29: Lu-O distances in [LuR(H2O)9]
+2
, with HR = acetic acid. 
 
The coordination shell of [LuR(H2O)9]
+2
 is composed of six oxygen atoms from water 
molecules, and two oxygen atoms from bidentate singly-deprotonated acetic acids. There are 
three oxygen atoms from water molecules outside the coordination shell. (Figure II-28 and 
Figure II-29) 
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Figure II-30: Optimized geometry of [LuR2(H2O)4]
+1
, with HR = acetic acid. 
 
 
Figure II-31: Lu-O distances in [LuR2(H2O)4]
+1




The coordination shell of [LuR2(H2O)4]
+
 is composed of four oxygen atoms from water 
molecules, and four oxygen atoms from bidentate singly-deprotonated acetic acids. (Figure II-30 
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Figure II-32: Optimized geometry of [LuR2(H2O)5]
+1




Figure II-33: Lu-O distances in [LuR2(H2O)5]
+1
, with HR = acetic acid. 
 
The coordination shell of [LuR2(H2O)5]
+
 is composed of four oxygen atoms from water 
molecules, and four oxygen atoms from bidentate singly-deprotonated acetic acids. There is one 
oxygen atom from a water molecule outside the coordination shell. (Figure II-32 and Figure 
II-33) 
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Figure II-34: Optimized geometry of [LuR2(H2O)6]
+1
, with HR = acetic acid. 
 
 
Figure II-35: Lu-O distances in [LuR2(H2O)6]
+1
, with HR = acetic acid. 
 
The coordination shell of [LuR2(H2O)6]
+
 is composed of four oxygen atoms from water 
molecules, and four oxygen atoms from bidentate singly-deprotonated acetic acids. There are 
two oxygen atoms from water molecules outside the coordination shell. (Figure II-34 and Figure 
II-35) 
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Figure II-36: Optimized geometry of LuR3(H2O)2, with HR = acetic acid. 
 
 
Figure II-37 Lu-O distances in LuR3(H2O)2, with HR = acetic acid. 
 
The coordination shell of LuR3(H2O)2 is composed of two oxygen atoms from water molecules, 
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Figure II-38: Optimized geometry of LuR3(H2O)3, with HR = acetic acid. 
 
 
Figure II-39: Lu-O distances in LuR3(H2O)3, with HR = acetic acid. 
 
The coordination shell of LuR3(H2O)3 is composed of two oxygen atoms from water molecules, 
and six oxygen atoms from bidentate singly-deprotonated acetic acids. There is an oxygen atom 
from a water molecule outside the coordination shell. (Figure II-38 and Figure II-39) 
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Figure II-40: Optimized geometry of LuR3(H2O)4, with HR = acetic acid. 
 
 
Figure II-41: Lu-O distances in LuR3(H2O)4, with HR = acetic acid. 
 
The coordination shell of LuR3(H2O)4 is composed of three oxygen atoms from water molecules, 
and six oxygen atoms from bidentate singly-deprotonated acetic acids. There is one oxygen atom 
from a water molecule outside the coordination shell. (Figure II-40 and Figure II-41) 
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Figure II-42: Optimized geometry of LuR3(HR)(H2O) , with HR = acetic acid. 
 
 
Figure II-43: Lu-O distances in LuR3(HR)(H2O) , with HR = acetic acid. 
 
The coordination shell of LuR3(HR)(H2O) is composed of an oxygen atom from a water 
molecule, six oxygen atoms from bidentate singly-deprotonated acetic acids, and one oxygen 
atoms from the carbonyl group of an acetic acid. There is an oxygen atom from the hydroxyl 
group from the acetic acid outside the coordination shell. (Figure II-42 and Figure II-43) 
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Figure II-44: Optimized geometry of LuR3(HR)(H2O)2, with HR = acetic acid. 
 
 
Figure II-45: Lu-O distances in LuR3(HR)(H2O)2, with HR = acetic acid. 
 
The coordination shell of LuR3(HR)(H2O)2 is composed of an oxygen atom from a water 
molecule, six oxygen atoms from bidentate singly-deprotonated acetic acids, and one oxygen 
atoms from the carbonyl group of an acetic acid. There are three oxygen atoms outside the 
coordination shell; two oxygen atoms from water molecules, and one from the hydroxyl group of 
the acid. (Figure II-44 and Figure II-45) 
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Figure II-46: Optimized geometry of LuR3(HR)(H2O)3, with HR = acetic acid. 
 
 
Figure II-47: Lu-O distances in LuR3(HR)(H2O)3, with HR = acetic acid.   
 
 
The coordination shell of LuR3(HR)(H2O)3 is composed of an oxygen atom from a water 
molecule, six oxygen atoms from bidentate singly-deprotonated acetic acids, and one oxygen 
atoms from the carbonyl group of an acetic acid. There are three oxygen atoms outside the 
coordination shell; two oxygen atoms from water molecules, and one from the hydroxyl group of 
the acid. (Figure II-46 and Figure II-47) 
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Figure II-48: Optimized geometry of LuR3(HR)2, with HR = acetic acid. 
 
 
Figure II-49: Lu-O distances in LuR3(HR)2, with HR = acetic acid. 
 
The coordination shell of LuR3(HR)3 is composed of six oxygen atoms from bidentate singly-
deprotonated acetic acids, and two oxygen atoms from the carbonyl group of two acetic acids. 
There are two oxygen atoms outside the coordination shell from the hydroxyl group of the two 
acids. (Figure II-48 and Figure II-49) 
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Figure II-51: Lu-O distances in LuR3(HR)2(H2O) , with HR = acetic acid. 
 
The coordination shell of LuR3(HR)3(H2O) is composed of six oxygen atoms from bidentate 
singly-deprotonated acetic acids, and two oxygen atoms from the carbonyl group of two acetic 
acids. There are three oxygen atoms outside the coordination shell; one oxygen atom from a 
water molecule, and two from hydroxyl groups of two acids. (Figure II-50 and Figure II-51) 
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Figure II-52: Optimized geometry of LuR3(HR)2(H2O)2, with HR = acetic acid. 
 
 
Figure II-53: Lu-O distances in LuR3(HR)2(H2O)2, with HR = acetic acid. 
 
The coordination shell of LuR3(HR)2(H2O)2 is composed of six oxygen atoms from bidentate 
singly-deprotonated acetic acids, one oxygen atom from the carbonyl group of the acetic acid, 
and two oxygen atoms from two water molecules. There are three oxygen atoms outside the 
coordination shell; one oxygen atom from the carbonyl group from an acid, and two oxygen 
atoms from hydroxyl groups of the two acids. (Figure II-52 and Figure II-53) 
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Figure II-54: Optimized geometry of LuR3(HR)3, with HR = acetic acid. 
 
 
Figure II-55: Lu-O distances in LuR3(HR)3, with HR = acetic acid. 
 
The coordination shell of LuR3(HR)3 is composed of six oxygen atoms from bidentate singly-
deprotonated acetic acids, and three oxygen atoms from the carbonyl group of the acetic acids. 
There are three oxygen atoms outside the coordination shell from hydroxyl groups of the three 
acids. (Figure II-54 and Figure II-55) 
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Figure II-57: Lu-O distances in LuR3(HR)3(H2O)1, with HR = acetic acid. 
 
The coordination shell of LuR3(HR)3(H2O) is composed of six oxygen atoms from bidentate 
singly-deprotonated acetic acids, one oxygen atom from the carbonyl group of the acetic acid, 
and one oxygen atom from a water molecule. There are five oxygen atoms outside the 
coordination shell; two oxygen atoms from the carbonyl group from two acids, and three oxygen 
atoms from hydroxyl groups of the three acids. (Figure II-56 and Figure II-57) 
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Figure II-59: Lu-O distances in LuR3(HR)4, with HR = acetic acid. 
 
The coordination shell of LuR3(HR)4 is composed of six oxygen atoms from bidentate singly-
deprotonated acetic acids, and three oxygen atoms from the carbonyl group of three acetic acids. 
There are five oxygen atoms outside the coordination shell; one oxygen atom from the carbonyl 
group from one of the acids, and four oxygen atoms from hydroxyl groups of the four acids. 
(Figure II-58 and Figure II-59) 
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Figure II-61: Lu-O distances in LuR3(HR)6, with HR = acetic acid. 
 
The coordination shell of LuR3(HR)6 is composed of six oxygen atoms from bidentate singly-
deprotonated acetic acids, and three oxygen atoms from the carbonyl group of three acetic acids. 
There are nine oxygen atoms outside the coordination shell; three oxygen atoms from the 
carbonyl group from six acids, and six oxygen atoms from hydroxyl groups of the three acids. 
(Figure II-60 and Figure II-61) 
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G. 2-phenylbutyric acid environment 
 
Nineteen structures were proposed to study the complexation of lutetium when extracted with 2-
phenylbutyric acid. Table II-4 shows the data corresponding to these structures including the 
preferred coordination number, the equivalent sphere volume of the coordination shell, bond 
valence analysis, Lu-O distances, HOMO-LUMO gaps, and difference in energy of formation 
(according to Equation II-1) for each compound. 
As found with acetic acid, the preferred coordination number of lutetium with 2-phenylbutyric 
acid was found to be eight, and nine. For eightfold coordination, the volume of the equivalent 
sphere presented an average of 53.65 Å
3
 (σ = 0.287), and for nine-fold coordination, it was 56.94 
Å
3 
(σ = 0.573). Details about these results are included in Table II-4. The volume of the 
equivalent sphere was found to increase 3.30 Å
3
 when the coordination increased from eight to 
nine. In most cases, the coordination shell was formed by the oxygen atoms from the water 
molecules, both oxygen atoms from the singly-deprotonated acids, and one oxygen atom from 
the carbonyl group in the acid. Details about composition of the coordination shell for the 
compounds studied with 2-phenylbutyric acid are shown in Figure II-63, Figure II-65, Figure 
II-67, Figure II-69, Figure II-71, Figure II-73, Figure II-75, Figure II-77, Figure II-79, Figure 
II-81, Figure II-83, Figure II-85, Figure II-87, Figure II-89, Figure II-91, Figure II-93, Figure 
II-95, and Figure II-97. The available HOMO-LUMO gaps are shown in Table II-4. The bond 
valence analysis of the coordination shell revealed a range between 2.76 and 3.04, with the 
minimum corresponding to            , and the maximum for           , and           . 
The optimum value of 3.00 was found for           . 
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A significant difference in Gibbs Free energy of reaction was found when studying compounds 
for Equation II-1 within limits of m = 1 to 3, p  = 0 to 6, and n = 0 to 9.  A decrease in energy of 
formation according to Equation II-1 was noted when one more acid was added to the compound 
formed. Adding one singly-deprotonated ligand to the Lu(III) ion in an aqueous environment the 
energy of formation decreased 170 kcal; adding another singly-deprotonated acid presented a 
decrease in energy of 117 kcal; and when adding a third singly-deprotonated acid the energy 
decreased by 30  kcal. Adding three singly-deprotonated acids forms a neutral compound, which 
shows the lowest energy configuration. Details are shown in Table II-4. 
Given the calculated Gibbs Free Energy of formation in the gas phase of the studied compounds, 
β constants could be estimated. The calculated Gibbs Free energies are shown in Equation II-7 to 
Equation II-11. 
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As found with acetic acid, the orientation of the water molecules and the hydroxyl groups in the 

















Table II-4: Coordination preferences, equivalent sphere, Gibbs Free Energy of reaction, bond valence analysis, Lu-O distances, 
and HOMO-LUMO gap for LuRm(HR)p(H2O)n with m = 1 to 3; p = 0 to 3, and 4 to 6; n = 0 to 9; HR = 2-phenylbutyric acid. 



































1 0 6 8 2.33 0.06 53.28 3.04 3.04 5 -170.25 
1 0 7 8 2.34 0.07 53.40 3.03 3.03 5 -180.10 
1 0 8 8 2.34 0.06 53.50 3.00 3.01 
 
-186.50 
1 0 9 8 2.34 0.04 53.50 2.99 3.01 6 -201.97 
2 0 4 8 2.32 0.05 52.47 3.04 3.04 6 -286.87 
2 0 5 9 2.38 0.04 56.29 3.01 3.01 6 -289.23 
2 0 6 8 2.40 0.06 58.21 2.51 2.53 
 
-294.26 
2 0 7 9 2.34 0.06 53.88 2.99 2.96 
 
-300.16 
3 0 2 8 2.34 0.05 53.53 2.99 2.99 6 -317.01 
3 0 3 8 2.34 0.04 53.60 2.98 2.98 
 
-756.58 
3 0 4 8 2.33 0.03 53.28 3.01 3.02 
 
-327.33 
3 1 1 8 2.34 0.05 53.69 2.97 2.98 
 
-301.65 
3 1 2 9 2.39 0.06 57.38 2.91 2.92 5 -286.47 
3 1 3 9 2.39 0.04 57.15 2.92 2.93 5 -289.57 
3 2 0 8 2.33 0.01 53.05 3.03 3.03 
 
-264.52 
3 2 2 8 2.34 0.04 53.68 2.97 2.97 5 -266.87 * 
3 3 0 8 2.34 0.07 53.79 2.98 2.99 5 -250.24 * 
3 3 1 8 2.35 0.05 54.06 2.93 2.94 5 -242.98 * 
3 4 0 8 2.34 0.05 53.56 2.99 3.00 5 -225.98 *   
 




Figure II-62: Optimized geometry of [LuR(H2O)6]
+2




Figure II-63: Lu-O distances in [LuR(H2O)6]
+2
, with HR = 2-phenylbutyric acid. 
 
The coordination shell of [LuR(H2O)6]
+2 
is composed of two oxygen atoms from a bidentate 
singly-deprotonated 2-phenylbutyric acid, and six oxygen atoms from water molecules. (Figure 
II-62 and Figure II-63) 
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Figure II-64: Optimized geometry of [LuR(H2O)7]
+2
, with HR = 2-phenylbutyric acid. 
 
 
Figure II-65: Lu-O distances in [LuR(H2O)7]
+2
, with HR = 2-phenylbutyric acid. 
 
The coordination shell of [LuR(H2O)7]
+2 
is composed of two oxygen atoms from a bidentate 
singly-deprotonated 2-phenylbutyric acid, and six oxygen atoms from water molecules. There is 
an oxygen atom outside the coordination shell from a water molecule. (Figure II-64 and Figure 
II-65) 
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Figure II-66: Optimized geometry of [LuR(H2O)8]
+2
, with HR = 2-phenylbutyric acid. 
 
 
Figure II-67: Lu-O distances in [LuR(H2O)8]
+2
, with HR = 2-phenylbutyric acid. 
 
The coordination shell of [LuR(H2O)8]
+2 
is composed of two oxygen atoms from a bidentate 
singly-deprotonated 2-phenylbutyric acid, and six oxygen atoms from water molecules. There 
are two oxygen atoms outside the coordination shell from two water molecules. (Figure II-66 and 
Figure II-67) 
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Figure II-68: Optimized geometry of [LuR(H2O)9]
+2
, with HR = 2-phenylbutyric acid. 
 
 
Figure II-69: Lu-O distances in [LuR(H2O)9]
+2
, with HR = 2-phenylbutyric acid. 
 
The coordination shell of [LuR(H2O)9]
+2 
is composed of two oxygen atoms from a bidentate 
singly-deprotonated 2-phenylbutyric acid, and six oxygen atoms from water molecules. There 
are three oxygen atoms outside the coordination shell from three water molecules. (Figure II-68 
and Figure II-69) 
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Figure II-70: Optimized geometry of [LuR2(H2O)4]
+
 , with HR = 2-phenylbutyric acid. 
 
 
Figure II-71: Lu-O distances in [LuR2(H2O)4]
+
 , with HR = 2-phenylbutyric acid. 
 
The coordination shell of [LuR(H2O)4]
+2 
is composed of four oxygen atoms from two bidentate 
singly-deprotonated 2-phenylbutyric acids, and four oxygen atoms from four water molecules. 
(Figure II-70 and Figure II-71) 
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Figure II-72: Optimized geometry of [LuR2(H2O)5]
+
 , with HR = 2-phenylbutyric acid. 
 
 
Figure II-73: Lu-O distances in [LuR2(H2O)5]
+
 , with HR = 2-phenylbutyric acid. 
 
The coordination shell of [LuR2(H2O)5]
+ 
is composed of four oxygen atoms from two bidentate 
singly-deprotonated 2-phenylbutyric acids, and five oxygen atoms from water molecules. (Figure 
II-72 and Figure II-73) 
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Figure II-74: Optimized geometry of [LuR2(H2O)6]
+




Figure II-75: Lu-O distances in [LuR2(H2O)6]
+
 , with HR = 2-phenylbutyric acid. 
 
The coordination shell of [LuR2(H2O)6]
+ 
is composed of three oxygen atoms from bidentate 
singly-deprotonated 2-phenylbutyric acids, and six oxygen atoms from water molecules. There is 
an oxygen atom outside the coordination shell from one of the deprotonated acids. (Figure II-74 
and Figure II-75) 
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Figure II-77: Lu-O distances in LuR3(H2O)2, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(H2O)2
 
is composed of six oxygen atoms from bidentate singly-
deprotonated 2-phenylbutyric acids, and two oxygen atoms from water molecules. (Figure II-76 
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Figure II-78: Optimized geometry of LuR3(H2O)4, with HR = 2-phenylbutyric acid. 
 
 
Figure II-79: Lu-O distances in LuR3(H2O)4, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(H2O)4
 
is composed of six oxygen atoms from bidentate singly-
deprotonated 2-phenylbutyric acids, and two oxygen atoms from water molecules. There are two 
oxygen atoms outside the coordination shell from water molecules. (Figure II-78 and Figure 
II-79) 
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Figure II-81: Lu-O distances in LuR3(HR)(H2O) , with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)(H2O) is composed of six oxygen atoms from bidentate 
singly-deprotonated 2-phenylbutyric acids, one oxygen atom from a carbonyl group from an 
acid, and one oxygen atom from a water molecule. There is an oxygen atom from the hydroxyl 
group outside the coordination shell. (Figure II-80 and Figure II-81) 
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Figure II-82: Optimized geometry of LuR3(HR)(H2O)3, with HR = 2-phenylbutyric acid. 
 
 
Figure II-83: Lu-O distances in LuR3(HR)(H2O)3, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)(H2O)2 is composed of six oxygen atoms from bidentate 
singly-deprotonated 2-phenylbutyric acids, one oxygen atom from a carbonyl group from an 
acid, and two oxygen atoms from water molecules. There are two oxygen atoms outside the 
coordination shell; one from a water molecule, and one from the hydroxyl group from the 2-
phenylbutyric acid. (Figure II-82 and Figure II-83) 
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Figure II-84: Optimized geometry of LuR3(HR)2, with HR = 2-phenylbutyric acid. 
 
 
Figure II-85: Lu-O distances in LuR3(HR)2, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)2 is composed of six oxygen atoms from bidentate singly-
deprotonated 2-phenylbutyric acids, and two oxygen atoms from carbonyl groups from 2-
phenylbutyric acids. There are two oxygen atoms outside the coordination shell from hydroxyl 
groups from acids. (Figure II-84 and Figure II-85) 
 
2.30 2.32 2.33 2.33 2.33 2.34 2.34 2.34 
4.18 
4.50 
O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 









Figure II-87: Lu-O distances in LuR3(HR)2(H2O) , with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)2(H2O) is composed of six oxygen atoms from bidentate 
singly-deprotonated 2-phenylbutyric acids, two oxygen atoms from carbonyl groups from 2-
phenylbutyric acids, and one oxygen atom from a water molecule. There are two oxygen atoms 
outside the coordination shell from hydroxyl groups from acids. (Figure II-86 and Figure II-87) 
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Figure II-88: Optimized geometry of LuR3(HR)2(H2O)2, with HR = 2-phenylbutyric acid. 
 
 
Figure II-89: Lu-O distances in LuR3(HR)2(H2O)2, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)2(H2O)2 is composed of six oxygen atoms from bidentate 
singly-deprotonated 2-phenylbutyric acids, an oxygen atom from carbonyl group from a 2-
phenylbutyric acid, and one oxygen atom from a water molecule. There are four oxygen atoms 
outside the coordination shell from a carbonyl group from the acid, two hydroxyl groups from 
the acid, and one water molecule. (Figure II-88 and Figure II-89) 
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Figure II-90: Optimized geometry of LuR3(HR)3, with HR = 2-phenylbutyric acid. 
 
 
Figure II-91: Lu-O distances in LuR3(HR)3, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)3 is composed of six oxygen atoms from bidentate singly-
deprotonated 2-phenylbutyric acids, and two oxygen atoms from carbonyl groups from a 2-
phenylbutyric acid. There are four oxygen atoms outside the coordination shell from a carbonyl 
group from the acid, and three hydroxyl groups from acids. (Figure II-90 and Figure II-91) 
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Figure II-92: Optimized geometry of LuR3(HR)3(H2O) , with HR = 2-phenylbutyric acid. 
 
 
Figure II-93: Lu-O distances in LuR3(HR)3(H2O) , with HR = 2-phenylbutyric acid. 
The coordination shell of LuR3(HR)3(H2O) is composed of six oxygen atoms from bidentate 
singly-deprotonated 2-phenylbutyric acids, an oxygen atom from the carbonyl group of a 2-
phenylbutyric acid, and an oxygen from a water molecule. There are two oxygen atoms from the 
carbonyl group from acids, and three oxygen atoms from hydroxyl groups from acids. (Figure 
II-92 and Figure II-93) 




O1 O2 O3 O4 O5 O6 O7 O8 O9 O10 O11 O12 O13 





Figure II-94: Optimized geometry of LuR3(HR)4, with HR = 2-phenylbutyric acid. 
 
 
Figure II-95: Lu-O distances in LuR3(HR)4, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)4 is composed of six oxygen atoms from bidentate singly-
deprotonated 2-phenylbutyric acids, and two oxygen atoms from carbonyl groups of two 2-
phenylbutyric acid. There are two oxygen atoms from the carbonyl group from acids, and four 
oxygen atoms from hydroxyl groups from acids. (Figure II-94 and Figure II-95) 
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Figure II-96: Optimized geometry of LuR3(HR)6, with HR = 2-phenylbutyric acid. 
 
 
Figure II-97: Lu-O distances in LuR3(HR)6, with HR = 2-phenylbutyric acid. 
 
The coordination shell of LuR3(HR)4 is composed of six oxygen atoms from bidentate singly-
deprotonated 2-phenylbutyric acids, and two oxygen atoms from carbonyl groups of two 2-
phenylbutyric acid. There are four oxygen atoms from the carbonyl group from acids, and six 
oxygen atoms from hydroxyl groups from acids. (Figure II-96 and Figure II-97) 
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H. Conclusion and Future Work 
 
To better understand the complexation process involved in lanthanide extraction, forty-six 
compounds were proposed to model possible mechanisms involved in the extraction of lutetium 
from an aqueous phase. Two carboxylic acids, acetic acid and 2-phenylbutyric acid, were 
proposed as extracting agents to study possible effects of substituted carboxylic acids in the 
extraction of lutetium. 
The coordination number of lutetium was found to be eight in most cases, although some 
presented a preference of ten. Generally, the coordination shell was composed of oxygen atoms 
from water molecules, oxygen atoms from deprotonated acids, and oxygen atoms from the 
carbonyl group in acids. The equivalent sphere was found to be approximately 54 Å
3
 when 
lutetium presented a coordination preference of eight, and approximately 57 Å
3 
for a 
coordination of nine, regardless of the ligands investigated in this chapter. The bond valence 
analysis, and the HOMO-LUMO gap calculations did not provide enough of a clear distinction to 
find general conclusions about the structures proposed. 
Future work should include studies of solvation effects, and validation with experimental results, 






III. Computational Studies of Lanthanide-Complexes with 





















Separations of lanthanides with acetylacetone and hexafluoroacetylacetone are explored in this 
chapter, to better understand the complexation of lanthanides when extracted with beta-diketone 
complexing agents. Because hexafluoroacetylacetone is a terminally fluorinated form of 
acetylacetone, these two similar complexing agents can provide insight to the effects of 
modifications in the ligands with respect to complexation preferences and extraction selectivity. 
Studies were performed modeling a solvent-extraction process through extracted compounds of 
the form               and ion-exchange processes with a complex of the form 
              . 
Coordination shell and preferred coordination numbers are addressed in this section for 
              and                with different numbers of ligands and water molecules for 
many lanthanides in the series. Relative energies of formation are presented for acetylacetone 













Several lanthanide-complexes were studied to contribute to the understanding of complexation 
preferences and extraction selectivity with acetylacetone and hexafluoroacetylacetone as 
extracting agents. The singly deprotonated forms of the acids are shown in Figure III-1 and 
Figure III-2. The ligands were chosen to study if the effect that substituting the terminal 
hydrogen atoms in the ligands by fluorine atoms would present to potential extraction selectivity. 
 
Figure III-1: Acetylacetonate 
 
 





The formation reactions studied computationally correspond to the reactions proposed in 
Equation III-1.  
           
 
                      
Equation III-1: Proposed formation reaction in solvent extraction 
 
           
 
                           
Equation III-2: Proposed formation reaction in ion exchange 
 
Compounds studied include               for            , and HR = acetylacetone and 
hexafluoroacetylacetone; for   = 2 or 3. Other proposed compounds include                for 
              , and HR = hexafluoroacetylacetone and acetylacetone for different numbers 
of water molecules. 
To our knowledge, density functional theory has not been employed to explore the type of 
compounds included in this chapter. Previous work by Rogachev, et.al. (67) included 
computational studies of      compounds for HR = acetylacetone, hexafluoroacetylacetone, and 
other substituted forms of beta diketones as ligands. Katagiri, et.al. also studied terbium 








C. Computational method 
 
Electronic structure calculations were performed with the NWChem package (50), using density 
functional theory, and the B3LYP functional (51) (52) (53). The double-zeta polarized 6-31g* 
basis set was used for hydrogen, carbon, nitrogen, and oxygen atoms (54). The Stuttgart RSC 
Segmented ECP and its associated basis set was used for the lanthanides. The most diffuse S, P, 
D, F, and all G functions on the lanthanides were excluded from the basis in order to improve 
convergence.  Basis sets were obtained from the Environmental Molecular Sciences Laboratory 
(EMSL) database (56) (57). The Stuttgart RSC Segmented ECP was used to account for 
relativistic effects, in which 28 electrons of Ln(III) were replaced with a pseudopotential (55). 
The Stuttgart RSC Segmented basis set was used for Lu(III), including 10s 8p 5d 4f 3g basis 
functions; although the most diffuse S, P, D, F, and all G were not included in the calculations 
for ease of convergence. Geometry optimizations were performed with the default energy, 
gradient, and density convergence threshold, except for some cases in which tighter convergence 
criteria was needed. Frequency calculations were performed to obtain thermochemical 
corrections, and to verify the structures reflect local minima. All calculations were performed 
with resources of the National Institute for Computational Science (NICS), the Oak Ridge 
Leadership Computational Facility (OLCF), and the cluster Handy at the Institute for Advanced 






D. Compounds Studied with hexafluroacetylacetone (hfac) 
1. Ln(hfac-)3(hfac)n 
 
Details for LnR3(HR)3 for lanthanum, gadolinium, and LnR3(HR)2 for lutetium with 
hexafluoroacetylacetone are presented in this section. Computational details for the optimization 
of the compounds in this section are the same as indicated in III.C. 
The compound LnR3(HR)3 for Ln = La and Gd presented a preferred coordination number of 
nine, and lutetium showed a preferred coordination of eight. The Ln-O distances for these 
compounds are shown in Table III-1. 
Table III-1: Ln-O distances in LnR3(HR)3 and LnR3(HR)2 for La, Gd and Lu, and HR = hexafluoroacetylacetone. 
Ln-O distances (Å) 
La Gd Lu 
2.4429 2.3295 2.2369 
2.4632 2.3444 2.2439 
2.4682 2.3462 2.2617 
2.4754 2.3508 2.2839 
2.4808 2.3572 2.3067 
2.4874 2.3592 2.3282 
2.7198 2.6898 2.4474 
2.7209 2.7053 2.5366 
2.7970 2.8743 4.7931 
5.0513 5.1422 4.8760 
5.5683 5.5554 - 
7.0283 7.0570 - 
 
The optimized structures corresponding to LaR3(HR)3, GdR3(HR)3, and LuR3(HR)2 are shown in 




Figure III-3: Optimized geometry for LaR3(HR)3 with HR = hexafluoroacetylacetone 
 
Figure III-4: Optimized geometry for GdR3(HR)3 with HR = hexafluoroacetylacetone 
 
Figure III-5: Optimized geometry for LuR3(HR)2 with HR = hexafluoroacetylacetone 
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The difference in Gibbs Free energy of formation of the compounds LaR3(HR)3, GdR3(HR)3, and 
LuR3(HR)2 revealed the compound with gadolinium to be 116 kcal more exergonic than the 
corresponding one with lanthanum, suggesting hexafluoroacetylacetone to be a good extracting 
agent to separate lanthanum from gadolinium. This difference between the LaR3(HR)3 and 
LuR3(HR)2 showed the reaction for lutetium to be 110 kcal more exergonic than the one for 
lanthanum. However, the Gibbs Free energy of formation difference found between GdR3(HR)3 
and LuR3(HR)2 revealed the one for gadolinium to be 6 kcal more exergonic than the one for 
lutetium. Therefore, it could be concluded from the calculated Gibbs free energies of formation 
of these compound in the gas phase that hexafluoroacetylacetone would not be a good extracting 
agent to selectively separate gadolinium from lutetium. This information is found in Equation 
III-3 to Equation III-8. 
            
 
                                  
Equation III-3: Formation of               for HR = hexafluoroacetylacetone 
 
            
 
                                    
Equation III-4: Formation of               for HR = hexafluoroacetylacetone 
 
           
 
                                      
Equation III-5: Formation of               for HR = hexafluoroacetylacetone 
 
                                
Equation III-6: Difference in Gibbs Free energy of formation between               and               
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Equation III-7: Difference in Gibbs Free energy of formation between               and               
 
                                  
Equation III-8: Difference in Gibbs Free energy of formation between               and               
 
The character of the HOMO and LUMO of LaR3(HR)3 and LuR3(HR)2 revealed the HOMO in 
both cases was composed by p orbitals of carbon atoms, and p orbitals of oxygen atoms. The 
LUMO was composed of p orbitals of carbon atom, p orbitals of hydrogen atoms, and a small 
percentage of s orbitals from hydrogen atoms. Electron density plots for the HOMO and LUMO 
of the aforementioned compounds are shown in Figure III-6 to Figure III-13. 
 
 




Figure III-7: LaR3(HR)3 with HR = hexafluoroacetylacetone HOMO – view 2 
 
 
Figure III-8: LaR3(HR)3 with HR = hexafluoroacetylacetone LUMO - view 1 
 
 





Figure III-10: LuR3(HR)2 with HR = hexafluoroacetylacetone HOMO - view 1 
 
 
Figure III-11: LuR3(HR)2 with HR = hexafluoroacetylacetone HOMO – view 2 
 
 
Figure III-12: LuR3(HR)2 with HR = hexafluoroacetylacetone LUMO - view 1 
 
 
Figure III-13: LuR3(HR)2 with HR = hexafluoroacetylacetone LUMO – view 2 
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2. Ln(R)3(H2O)3 for HR = hexafluoroacetylacetone 
 
The compounds LaR3(H2O)3, NdR3(H2O)3, GdR3(H2O)3, and LuR3(H2O)3 were optimized. The 
coordination presented was nine in all cases, accepting six oxygen atoms from singly 
deprotonated hexafluoroacetylacetones, and three oxygen atoms from three water molecules 
available. Table III-2 shows the Ln-O distances for the four compounds mentioned. Figure III-14 
to Figure III-19 show the optimized structures of the four compounds. 
Table III-2: Ln-O distances in LaR3(H2O)3 for HR = hexafluoroacetylacetone, and Ln = La, Nd, GD, and Lu 
Ln-O distances (Å) 
La Nd Gd Lu 
2.4903 2.4255 2.3598 2.2654 
2.4904 2.4266 2.3599 2.2654 
2.4906 2.4295 2.3601 2.2655 
2.4906 2.4319 2.3601 2.2656 
2.4907 2.4322 2.3602 2.2660 
2.4907 2.4340 2.3603 2.2660 
2.7488 2.6973 2.7479 2.7581 
2.7490 2.7043 2.7485 2.7594 
2.7493 2.7095 2.7493 2.7683 
 
 




Figure III-15: Optimized geometry for LaR3(H2O)3 with HR = hexafluoroacetylacetone – view 2 
 
Figure III-16: Optimized geometry for NdR3(H2O)3 with HR = hexafluoroacetylacetone 
 
 




Figure III-18: Optimized geometry for GdR3(H2O)3 with HR = hexafluoroacetylacetone – view 2 
 
Figure III-19: Optimized geometry for LuR3(H2O)3 with HR = hexafluoroacetylacetone 
 
The calculated Gibbs Free energies of formation suggest that hexafluoroacetylacetone in an ion 
exchange separation in which water molecules remain in the coordination environment would be 
selective to separate gadolinium from neodymium. The difference in Gibbs Free energy shows a 
difference of 40 kcal between the formation energy for neodymium and lanthanum, although less 
than for gadolinium with respect to neodymium. 
Comparing the differences in formation energy for compounds with configuration LnR3(H2O)3, 
vs.  LnR3(HR)3, likely for an ion exchange separation  and solvent extraction separation, 
respectively, the difference in energy between extracting gadolinium from lanthanum in both 
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cases showed the reaction for gadolinium to be 116 kcal more exergonic. In the case of the 
formation between lutetium and gadolinium showed a difference of 6 kcal between both states, 
with a smaller difference in LnR3(HR)3. Details for formation energies for the discussed 
compounds are shown in Equation III-9 and Equation III-18. 
            
 
                                     
Equation III-9: Formation of                for HR = hexafluoroacetylacetone 
 
            
 
                                    
Equation III-10: Formation of               for HR = hexafluoroacetylacetone 
 
            
 
                                     
Equation III-11: Formation of                for HR = hexafluoroacetylacetone 
 
            
 
                                      
Equation III-12: Formation of                for HR = hexafluoroacetylacetone 
 
                                                 
Equation III-13: Difference in Gibbs Free energy of formation between                and                
 
                                                  




                                                  
Equation III-15: Difference in Gibbs Free energy of formation between               and                
 
     
                               
               
Equation III-16: Difference in Gibbs Free energy of formation between                and                
 
     
                               
               
Equation III-17: Difference in Gibbs Free energy of formation between                and                
 
     
                               
             




E. Studied compounds for HR = acetylacetone 
 
Compounds with configurations of LnR3(H2O)n were studied for fully coordinated compounds 
and some cases were also proposed with excess water molecules. The first case is presented in 





1. Ln(R)3(H2O)3; for HR = acetylacetone 
 
The compound LnR3(H2O)3 was studied for Ln = La, Ce, Nd, Sm, Gd, Ho, Er, and Lu. In this 
configuration, two distinct groups are identified. One group (Sm and Lu) shows a coordination 
preference of eight, in which the coordinating oxygen atoms are found approximately within 
2.25 and 2.6 Å. The second group (La, Ce, Nd, Gd, Ho, Er) presents a coordination preference of 
nine, in which three oxygen atoms are found at distances farther than 2.76 Å. Generally an atom 
may not be considered coordinating at distances as large as 2.7 Å; however, it is clear the 
coordination shell contains such atoms. It is noticeable that the compounds accepting nine 
oxygen atoms in their coordination shell have a clear separation between six oxygen atoms and 
the farther three oxygen atoms. It has been observed (as in Lu(H2O)9 in section II.D) that 
compounds may find a slightly higher energy configuration in which an extra atom is accepted 
into the coordination shell, in which a 6-3 configuration is observed (one group of six atoms at 
close distances, and 3 atoms at a significant distance from the previous group maintaining also a 
similar distance with the ion within the group). Details regarding bond lengths and coordination 
are shown in Table III-3. Optimized structures for the compounds discussed in this section are 
shown in Figure III-20 to Figure III-27. Future work including molecular dynamics and bond 







Table III-3: Ln-O distances in LnR3(H2O)3 for HR = acetylacetone 
Ln-O distances (Å) 
La Ce Nd Sm Gd Ho Er Lu 
2.4836 2.4514 2.4160 2.2981 2.3589 2.3107 2.3039 2.2428 
2.4838 2.4521 2.4179 2.3098 2.3589 2.3172 2.3040 2.2547 
2.4839 2.4599 2.4196 2.3549 2.3594 2.3177 2.3054 2.2771 
2.4840 2.4613 2.4200 2.4349 2.3594 2.3230 2.3073 2.2792 
2.4845 2.4621 2.4206 2.4650 2.3596 2.3230 2.3083 2.3045 
2.4846 2.4637 2.4304 2.4792 2.3596 2.3250 2.3100 2.3157 
2.7948 2.7599 2.7606 2.5526 2.8193 2.7739 2.7548 2.4652 
2.7952 2.7829 2.7759 2.6351 2.8216 2.7774 2.7753 2.4957 
2.7952 2.7844 2.7813 4.0215 2.8234 2.7830 2.8427 4.4623 
 
 
Figure III-20: Optimized geometry for LaR3(H2O)3 with HR = acetylacetone 
 




Figure III-22: Optimized geometry for NdR3(H2O)3 with HR = acetylacetone 
 
Figure III-23: Optimized geometry for GdR3(H2O)3 with HR = acetylacetone 
 





Figure III-25: Optimized geometry for HoR3(H2O)3 with HR = acetylacetone 
 
Figure III-26: Optimized geometry for ErR3(H2O)3 with HR = acetylacetone 
 
 
Figure III-27: Optimized geometry for LuR3(H2O)3 with HR = acetylacetone 
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The calculated relative Gibbs free energies of formation of LnR3(H2O)3 normalized to the energy 
calculated for LaR3(H2O)3 show an increase in stabilization of the compounds as the atomic 
number increases. These energies are shown in Figure III-28. 
 
Figure III-28: Relative Gibbs Free Energies of Formation for LnR3(H2O)3 with HR = acetylacetone normalized to La 
 
Available experimental data of an ion exchange separation using acetylacetone was found in a 
study performed by Grenthe, et. al, (69). The relative energies calculated for the formation of the 
compounds in the gas phase seem to be in good agreement with the trend presented by the 
experimental results. The comparison of the calculated energies with the experimental results is 
shown in Figure III-29. 
y = -9.4947x + 535.09 


































Figure III-29: Calculated and experimental relative Gibbs Free Energies of Formation for LnR3(H2O)3 with HR = acetylacetone 
normalized to La 
 
The calculated Gibbs Free energies of formation of LnR3(H2O)3 for HR = acetylacetone and 
hexafluoroacetylacetone seem to suggest that both extracting agents would be equally efficient at 
separating La, Nd, Gd, and Lu. It could be concluded that hexafluoroacetylacetone could be a 
slightly better separation agent to extract neodymium from lanthanum, and slightly worse to 
extract neodymium from lutetium. The predicted extraction trend is shown in Figure III-30. 
 
Figure III-30: Calculated relative Gibbs free energies of formation for LnR3(H2O)3 with HR = acetylacetone and 
hexafluoroacetylacetone normalized to La 
 
y = -0.0298x + 1.6637 
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In cases studied in this section for LnR3(H2O)3 the calculated Gibbs Free energies of formation 
were lower for hexafluoroacetylacetone, suggesting this could be a better extracting agent for La, 
Nd, and Gd. However, this energy was slightly higher for lutetium when studying energy trends 
normalized to for LaR3(H2O)3. The differences in formation energy for LnR3(H2O)3 are shown in 
Equation III-19 to Equation III-22, and the normalized trend is shown in Figure III-30. 
 
                                                            
Equation III-19: Difference in calculated Gibbs free energies of formation for                     and                     
 
                                                            
Equation III-20: Difference in calculated Gibbs free energies of formation for                    and 
                    
 
                                                            
Equation III-21: Difference in calculated Gibbs free energies of formation for                     and 
                    
 
                                                           
Equation III-22: Difference in calculated Gibbs free energies of formation for                     and 








In order to confirm coordination number preferences of lanthanum, cerium, holmium, erbium, 
thulium, ytterbium, and lutetium in LnR3(H2O)n with HR = acetylacetone, excess water 
molecules were provided. In the specified compound, lanthanum, cerium, holmium, erbium, and 
thulium presented a preferred coordination of nine, and ytterbium and lutetium showed a 
coordination preference of eight. Table III-4 shows the Ln-O distances for the compounds 
proposed. The optimized geometries of the compounds are shown in Figure III-31 to Figure 
III-37. 
Table III-4: Ln-O distances in LnR3(H2O)5 for HR = acetylacetone 
Ln-O distances (Å) 
La Ce Ho Er Tm Yb Lu 
2.4483 2.4190 2.3159 2.3062 2.2968 2.2781 2.2616 
2.5018 2.4556 2.3208 2.3232 2.3011 2.2906 2.2781 
2.5329 2.4853 2.3470 2.3267 2.3191 2.3186 2.3058 
2.5436 2.4855 2.3859 2.3673 2.3622 2.3213 2.3070 
2.5455 2.5175 2.3953 2.3931 2.3772 2.3307 2.3101 
2.5860 2.6000 2.5024 2.4938 2.4991 2.3792 2.3550 
2.6072 2.6285 2.5195 2.5060 2.5123 2.3924 2.3836 
2.6377 2.6412 2.5710 2.5343 2.5342 2.3932 2.4282 
2.7284 2.6937 2.5782 2.5834 2.5647 3.7813 3.6416 
3.7850 3.5986 3.6200 3.6074 3.6054 3.8531 3.8332 
3.9447 3.9476 3.8939 3.9025 3.8987 3.9820 3.9936 
 
With respect to the optimized structures for LnR3(H2O)3 for HR = acetylacetone, the preferred 
coordination number found was in agreement with the coordination found with excess water 
molecules in LnR3(H2O)5 for lanthanum, cerium, erbium, and lutetium. Although the 
coordination number preferred was in agreement, in the presence of excess water molecules the 
distances within the coordination shell increased more gradually than when there were only nine 
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oxygen atoms available for coordination. Table III-4 shows the Ln-O distances for the 
LnR3(H2O)5 compounds. 
 
Figure III-31: Optimized geometry for LaR3(H2O)5 with HR = acetylacetone 
 
 
Figure III-32: Optimized geometry for CeR3(H2O)5 with HR = acetylacetone 
 





Figure III-34: Optimized geometry for ErR3(H2O)5 with HR = acetylacetone 
 
 
Figure III-35: Optimized geometry for TmR3(H2O)5 with HR = acetylacetone 
 




Figure III-37: Optimized geometry for LuR3(H2O)5 with HR = acetylacetone 
 
 
F. Comparison of lutetium complexes with hexafluoroacetylacetone 
and acetylacetone in different configurations 
 
Lutetium complexes are presented in this section seeking to study possible differences in 
formation of LuR3(HR)x(H2O)y generated by changing hydrogen atoms in methyl groups (in 
acetylacetone) to fluorine atoms (in hexafluoroacetylacetone), as well as modifying the 
coordination environment to include different amount of water molecules. The optimized 
geometries of the compounds studied are shown in Figure III-37, Figure III-27, Figure III-39, 
Figure III-19, and Figure III-38. 
All the configurations studied presented a coordination preference for lutetium of eight, except 
for Lu(hfac)3(H2O)3 which showed a coordination of nine. Lu(R)3(H2O)2 for acetylacetone and 
hexafluoroacetylacetone presented a similar distribution within the coordination shell, and the 
compound was acetylacetone was found to have a Gibbs energy of reaction 77 kcal lower than 
the one with hexafluoroacetylacetone. Lu(R)3(H2O)3 presented a Gibbs free energy of formation 
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96 kcal lower for acetylacetone than hexafluoroacetylacetone; however, the preferred 
coordination of the compound with hexaluoroacetylacetone showed  a coordination preference of 
nine, versus the preferred coordination with acetylacetone which was eight. Future molecular 
dynamics could provide further insight into this compound to analyze coordination. 
In general, calculated Gibbs free energies of formation suggest that the compounds with 
acetylacetone were more stable than the ones corresponding to hexafluoroacetylacetone, and 
there was also a lower energy of formation when there were more water molecules present. 
 
Table III-5: Lu-O distances with HR = acetylacetone and hexafluoroacetylacetone 
Lu-O distances (Å) 
Lu(acac)3(H2O)5 Lu(acac)3(H2O)3 Lu(acac)3(H2O)2 Lu(hfac)3(H2O)3 Lu(hfac)3(H2O)2 
2.2616 2.2428 2.2393 2.2654 2.2535 
2.2781 2.2547 2.2443 2.2654 2.2560 
2.3058 2.2771 2.2909 2.2655 2.2806 
2.3070 2.2792 2.2960 2.2656 2.2901 
2.3101 2.3045 2.2994 2.2660 2.2965 
2.3550 2.3157 2.3000 2.2660 2.3066 
2.3836 2.4652 2.4948 2.7581 2.4436 
2.4282 2.4957 2.4951 2.7594 2.4567 
3.6416 4.4623 - 2.7683 - 
3.8332 - - - - 





Figure III-38: Optimized geometry for LuR3(H2O)2 with HR = hexafluoroacetylacetone 
 
 
Figure III-39: Optimized geometry for LuR3(H2O)2 with HR = acetylacetone 
 
 
G. Conclusion and Future Work  
 
The studies presented in this section for different conformations of lanthanide complexes 
including acetylacetone and hexafluoroacetylacetone as complexing agents suggest that 
hexafluoroacetylacetone and acetylacetone would be equally effective at selectively separating 
lanthanum, neodymium, gadolinium, and lutetium. In all cases the lanthanide studied in 
complexes with acetylacetone presented a coordination preference of nine, with the exception of 
lutetium and samarium. With hexafluoroacetylacetone the same coordination preference was 
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observed, except for Lu(hfac)3(H2O)3 in which lutetium accepted all the available oxygen atoms 
in its coordination shell revealing a coordination number of nine. It is important to notice that the 
complete lanthanide series was not studied. Future work will expand the calculations proposed in 
this section to include the complete lanthanide series, as well as environments in which there is 
excess complexing agents to predict a more accurate coordination. 
Future work should also include analyzing the character of HOMO and LUMO for the 
compounds studied to learn if there is any effect in the HOMO/LUMO from differently 
substituted complexing agents. Given the results observed in this section, it is possible the 
character of the HOMO and LUMO would be unaffected, given that these orbitals are primarily 
composed by p orbitals of oxygen and carbon atoms. Mulliken population analysis could also be 














IV. Computational Studies of Actinide Compounds with Cyclic Imides 


























Given the importance of optimizing separations of actinides for nuclear fuel cycles, nuclear 
forensics, and extraction selectivity, the complexation of uranium, neptunium, plutonium, and 
americium was studied for three different imide dioximes. Deeper understanding of binding 
preferences of cyclic imide dioximes with uranium, neptunium, plutonium, and americium can 
provide crucial information into selectivity preferences of these actinides. Separating contiguous 
actinides is challenging due to the similar chemical properties they present, necessitating detailed 
insight into their binding preferences to achieve the design of highly selective extracting agents. 
The imide dioximes were chosen to study the effects of possible electron delocalization in the 
backbone when the rings varied in structure and character (aromatic vs. non-aromatic rings, 
different number and sizes of rings, etc). This chapter presents findings in bonding preferences, 
electron delocalization changes, and relative energies of formation for the compounds in the gas 
phase. The appendix in this chapter includes electron density plots representing the orbital 













Greater understanding of actinide compounds is essential for the optimization of separations for 
nuclear fuel cycles, applications in nuclear forensics for non-proliferation of nuclear weapons, 
and selective extraction of actinides (70). An increase in interest in extraction of uranium has 
also been seen recently due to nuclear energy (71) (72) (73) (74). Given that the ocean contains 
approximately 4.5 billion metric tons of uranium (a thousand times the amount of uranium than 
terrestrial ores), there is a high need of efficient and selective extraction of uranium from 
seawater (71) (75). The extraction of uranium from seawater is difficult due to the presence of 
other metal ions in the water, the low concentration of uranium, and the very stable carbonate 
complexes uranium is found in (76) (77). Studies by Astheimer, Kanno, et. al. found amidoximes 
to be effective extracting agents for uranium (78) (79); however, there is still essential 
understanding needed regarding coordination and binding preferences and characteristics of 
amidoximes as actinide extracting agents (80). 
Extensive studies for uranium complexes have been performed by Rao, Hay, et. al. (80) (81) (82) 
(83) (84) (76). Seeking to contribute to the understanding of formation, complexation, and 
binding characteristics of actinides with imide dioximes, studies were extended to include 
compounds with neptunium, plutonium, and americium, as well as uranium with three different 
imide dioximes [ H1A = acenaphtho[1,2-c][1,2,5]thiadiazole 8,8-dioxide (Np-CAO-
H2)U(O)2(NO3)(CH3OH) (Figure IV-1), H1B = phthalimidedioxime (Figure IV-2), and H1C = 
glutarimidedioxime (Figure IV-3)]. Binding preferences, vibrational modes, electronic densities 
(including Mulliken population analysis), Fermi level, and complexation characteristics are 
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presented. Other details regarding extracting agents for uranium can be found in references (85) 
(86) (87) (88) (89) (90) (91) (92) (93). 
UO2L2 with H2C as a ligand was studied by Rao, et. al. (80) (82). The H2B and H2C ligands were 
studied in uranium complexes by Rao, Hay, et. al. (80) (81). Computational results for UO2L2 
with H2C were included in reference (80). However, to keep a cohesive set of results amongst the 
compounds studied for H2A, H2B, and H2C for uranium, neptunium, plutonium, and americium, 
the UO2L2 with H2C was studied with the ECP and basis of choice presented in this chapter. 
The studies presented in this chapter focus on calculations of Gibbs Free Energy values of 
formation (section IV.E), bonding in coordination shell (section IV.F), analysis of bonding of 
isolated and bound ligands (section IV.G), Mulliken charges calculations (section IV.H), and 
HOMO-LUMO (Appendix: section IV.J). It is important to mention that AnO2 calculations are 
complex, and require high accuracy for energy values. In order to maintain cohesive results, the 
AnO2 compounds were studied with the same standards as the compounds presented in this 
chapter, which could introduce errors in the values found for the calculated Gibbs free energies. 
Future work will focus on increasing accuracy and validity of Gibbs free energies of reaction.  
 
C. Computational Methodology 
 
Geometry optimizations and vibrational frequencies were calculated for the compounds included 
in this chapter using the NWChem  package (50). Density functional theory (DFT), and the 
B3LYP functional (51) (52) (53) were used. To account for relativistic effects, 60 electrons of 
uranium were replaced by a pseudopotential using the Stuttgart RSC 1997 effective core 
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potential (ECP) and its corresponding basis set were used for uranium (94). The most diffuse S, 
P, D, and F functions of the basis set with exponents 0.05 were removed. These functions only 
pertain to the neutral metal atom and often cause numerical problems in molecules. The 6-
311++g** basis set was used for oxygen, nitrogen, carbon, and hydrogen atoms (95). Basis sets 
were obtained from the Environmental Molecular Sciences Laboratory (EMSL) database (56) 
(57). This choice of basis sets and ECPs has been established as producing reliable geometries 
and energetics for uranyl complexes (96) (97) (46) (44) (39) (98) (45) (47) (43) (42) (99) . 
Geometry optimizations were performed with tight convergence settings.  Frequency 
calculations were performed to obtain thermochemical corrections, and to verify that the 
structures reflect local minima.  Orbital density plots were built with Visual Molecular Dynamics 
(VMD) (100). All calculations were performed with resources of the National Institute for 
Computational Science (NICS), the Oak Ridge Leadership Computational Facility (OLCF), and 
the cluster Handy at the Institute for Advanced Computational Science (IACS). 
 
D. Compounds studied 
 
Actinide-compounds with cyclic imide ligands were studied seeking to provide a deeper 
understanding of binding preferences of U, Np, Pu, and Am to ultimately contribute to the 
understanding of separations preferences. The compounds studied included 
AnO2L(NO3)(CH3OH), and AnO2L2. The cyclic imide ligands considered in this study were H1A 
= acenaphtho[1,2-c][1,2,5]thiadiazole 8,8-dioxide, H1B = phthalimidedioxime, and H1C = 
glutarimidedioxime, and their structures are shown in Figure IV-1, Figure IV-2, and Figure IV-3. 
Complexation of uranium with H2A was studied by Jenkins et. al. (101), and with H2B and H2C 
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by Rao et. al. (81) (82) (102). Some calculations were performed for the three compounds in the 
indicated references. In this study we extend the calculations to Np, Pu, and Am, as well as some 
uranium complexes containing H2A, H2B, and H2C not previously addressed. The compound 
AnO2L(NO3)(CH3OH)  was studied for L = HA
-
, and An = U, Pu, Np, and Am (Figure IV-4); 




(Figure IV-6), and HC
- 
(Figure IV-7), and An = U, 
Np, Pu, and Am. Electronic structure calculations were pursued seeking a deeper understanding 
of the changes occurring in the ligands that could be causing differences in complexation and 
extraction selectivity. 
Multiple configurations were studied for each complex included in this chapter. Only the 












Figure IV-1: Optimized geometry of H2A 
 
 
Figure IV-2: Optimized geometry of H2B 
 
 












Figure IV-6: AnO2L2; with L = HB
- 
 





1. Structural comparison of calculated and experimental data 
 
With the purpose of validating results from electronic structure calculations, bond lengths of 
uranium with atoms in its coordination shell were compared with available x-ray data. X-ray data 
for compounds with Np, Pu, and Am with the ligands included in this study were not found. 
The compound UO2L(NO3)(CH3OH) with L = HA
-
 was synthesized by David Jenkins’ group  
(101), and presented good agreement with the optimized compound. The calculated bond length 
of uranium with the axial oxygen atoms (U–O1 and U–O2) presents a difference of 0.006 Å in 
both cases (in excess for O1 and in defect for O2). The difference between the calculated and 
experimental bond length of uranium with the oxygen atoms in the amidoxime presents a 
difference of 0.037 and 0.084 Å for U–O3 and U–O5, respectively. These differences increase 
for the remaining coordinating oxygen and nitrogen atoms, where the calculated bond lengths for 
U–O6 and U–O7 (nitrate) present a difference of 0.052 and 0.080 Å, respectively. The largest 
differences were found to be 0.102 and 0.131 Å for U–N3 and U–O4, respectively. These results 
are shown in Table IV-1, Figure IV-8, and Figure IV-9. It is important to note that the calculated 
bond lengths correspond to the structure in the gas phase; therefore, packing and other effects 
observed in the solid state could create significant differences with respect to the structure in the 
gas phase. Figure IV-8, Figure IV-9, and Table IV-1 reflect the aforementioned differences. 
Calculated bond lengths of UO2(HA).(H2O) with respect to distances found through x-ray 
diffraction for a similar compound in (80) also reflected a difference larger than 0.1 Å for the U-
N3 bond length. In this study, it was assumed that this large difference could be attributed to 




Table IV-1: Comparisson of coordination shell bond lengths from geometry optimization and x-ray data for 
UO2L(NO3)(CH3OH); with L = HA
- 
 
Bond lengths (Å) U–O1 U–O2 U–O3 U–O4 U–O5 U–O6 U–O7 U–N3 
Experimental 1.781 1.767 2.398 2.462 2.420 2.572 2.589 2.514 
Calculated 1.775 1.773 2.435 2.593 2.504 2.520 2.509 2.616 









Figure IV-9: U-X distances in coordination shell for structure from x-ray for UO2L(NO3)(CH3OH); with L = HA




E. Gas Phase Gibbs Free Energy Calculations   
 
The values of Gibbs Free Energy of formation of AnO2L(NO3)(CH3OH) (Figure IV-4) and 
AnO2L2 (Figure IV-5 and Figure IV-6) in the gas phase were calculated for the compounds with 




 to gain insight into the extraction preference of 
H1A, H1B, and H1C with respect to U, Np, Pu, and Am. Equation IV-1, to Equation IV-16, and 
Table IV-2 summarize the findings. 
The calculation of the Gibbs Free energy of formation values of AnO2L(NO3)(CH3OH) and 






were calculated in the gas 
phase at 298.15K. From these results in can be concluded that the H2A, H2B, and H2C ligand was 
efficient at separating uranium and plutonium from neptunium and americium. A neptunium 
compound was formed, but it is much more unstable than the corresponding ones with uranium 
and plutonium. From the results obtained, it can be concluded that an extractable americium 
compound would not be formed with any of these ligands. 
The ligands studied in this section would not be effective at selectively separating uranium from 
plutonium. The formation of the plutonium compounds was most favorable with H2A, and H2C; 
however, H2B was more favorable to form a compound with uranium than plutonium. 
The largest differences in Gibbs Free Energy of formation was in the enthalpy, more specifically, 
the total energy of the compounds, in which the neptunium compound was approximately 37 
hartrees (23,218 kcal) more stable than uranium, plutonium approximately 39 hartrees (24,473 
kcal) more stable than neptunium, and americium approximately 41 hartrees (25,728 kcal) more 
stable than plutonium (Table IV-2). Sections IV.E.1, IV.E.2, IV.E.3, and IV.E.4 show details of 
the aforementioned findings. 
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Table IV-2: Gibbs Free Energies of Formation of AnO2L(NO3)(CH3OH) and AnO2L2 with An = U, Np, Pu, and Am, and L = HA
-, HB-, and HC- 
Gibbs Free Energy of Rxn 
(kcal) 
An = U An = Np An = Pu An = Am 
AnO2L(NO3)(CH3OH); L = HA
-
 -503.83 -2.57 -516.98 38.46 
AnO2L2; L = HA
-
 -526.83 -23.39 -539.08 18.84 
AnO2L2; L = HB
-
 -506.71 -5.78 -455.04 38.02 
AnO2L2; L = HC
-
 -540.96 -42.04 -554.73 4.22 
 
1. AnO2L(NO3)(CH3OH); with L = HA- 
 
Jenkins, et. al. synthesized the compound AnO2L(NO3)(CH3OH) (101) (Figure IV-4) . One 
molecule of methanol was found to coordinate with uranium during the crystallization process. 
The Gibbs Free Energy of reaction values for equivalent compounds with Np, Pu, and Am were 
calculated for comparison purposes for extraction preferences (Equation IV-1, Equation IV-2, 
Equation IV-3, Equation IV-4). 
Gibbs Free Energies of reaction values calculated at 298.15 K for the formation of this 
compound with U, Np, Pu, and Am show that all but Am were exergonic, indicating a compound 
with americium would likely not form in an extraction process with the proposed ligand. With 
the configuration of AnO2L(NO3)(CH3OH) the most stable compound was found to be with Pu, 
suggesting Pu would be more likely to be extracted than U and Np in the presence of the studied 
extracting agents. The compound with Np would be very unstable (with a    of reaction of -2.57 
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The large differences found in the Gibbs Free energies of reaction for AnO2L(NO3)(CH3OH), 
with L = HA
-
 were from the total energy of the compounds. The thermal enthalpy correction 
differed in a maximum of 2 kcal amongst compounds, and the zero point energy correction 
differed in less than 1 kcal. In the two cases in which the entropy was found to differed, it was in 







                                                          
3
 The enthalpy is calculated as the addition of the total energy and the thermal correction (which includes the zero 
point energy correction). 
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2. AnO2L2; with L = HA- 
 
The values of Gibbs Free Energy of reaction for the formation of AnO2L2 with L = HA
- 
were 
studied for uranium, neptunium, plutonium, and americium at 298.15 K. The reactions are shown 
in Equation IV-5 to Equation IV-8. The Gibbs Free Energy of formation values for the 
compounds with two HA
-
 ligands showed a distinct preference for extraction of uranium and 
plutonium, with plutonium being more exergonic (by 12.25 kcal). The formation NpO2L2 is only 
exergonic with 23.39 kcal, over 500 kcal less stable than the same compound with uranium and 
plutonium. For americium, the formation reaction is endergonic, with a formation of 18.84 kcal. 
   
                       
                               
Equation IV-5 
    
                        
                               
Equation IV-6 
    
                        
                                
Equation IV-7 
    
                        










 -> AnO2L2 for An=U, Np, Pu, and Am, with L=HA- 
 
The difference in Gibbs Free energy of formation values of AnO2L2 with L = HA
- 
were found to 
be in the enthalpy, particularly in the total energy of the compound. The thermal enthalpy 
correction differed in less than 1 kcal. The entropy differed in less than 0.003 kcal, and the zero 




3. AnO2L2; with L = HB- 
 
The values of the Gibbs Free Energy of formation of AnO2L2 with L = HB
-
 showed a marked 
preference of extraction of uranium and plutonium versus neptunium and americium. These 
reactions and their associated Gibbs Free Energies are shown in Equation IV-9, Equation IV-10, 
                                                          
4
 The enthalpy is calculated as the addition of the total energy and the thermal correction (which includes the zero 
point energy correction). 
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Equation IV-11, and Equation IV-12. The reaction for uranium was the most exergonic (51.67 
kcal lower than the corresponding one with plutonium), with the corresponding one to neptunium 
being slightly exergonic (-5.78 kcal), and americium endergonic (38.02 kcal). 
The difference in Gibbs Free energy of formation of AnO2L2 with L = HB
- 
were in the enthalpy, 
in particular, in the total energy of the compounds. The thermal enthalpy correction was less than 
1.6kcal amongst the compounds. The zero point energy correction was also less than 3.8 kcal. 
The entropy presented almost no differences, with the largest being 0.03kcal. 
   
                       
                                   
Equation IV-9 
    
                        
                             
Equation IV-10 
    
                        
                                
Equation IV-11 
    
                        










 -> AnO2L2 for An=U, Np, Pu, and Am, with L=HB- 
 
4. AnO2L2; with L = HC- 
 
The Gibbs Free Energy of formation values of AnO2L2, with L = HC
-
 was calculated at 298.15 
K. The results are shown in Equation IV-13 to Equation IV-16. Formation of AnO2L2 with L = 
HC
-
 showed uranium and plutonium to be more likely to be extracted by this ligand in this 
configuration at 298.15K, with the formation of the compound with plutonium more exergonic 
than uranium (by 13.77 kcal). The formation of the compound with neptunium was found to be 
exergonic (-42.04 kcal), and the one corresponding to americium slightly endergonic (4.22 kcal). 
The difference in Gibbs Free energy of formation of AnO2L2 with L = HC
- 
were in the enthalpy, 
from the total energy of the compounds. The thermal enthalpy correction was 2.08 kcal or less.  
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The zero point energy correction difference was less than 1kcal amongst the compounds. The 
entropy varied in less than 0.001 kcal
5
. 
   
                       
                                  
Equation IV-13 
    
                        
                                
Equation IV-14 
    
                        
                               
Equation IV-15 
    
                        








 -> AnO2L2 for An=U, Np, Pu, and Am, with L=HC- 
 
 
                                                          
5
 The enthalpy is calculated as the addition of the total energy and the thermal correction (which includes the zero 
point energy correction). 
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F. Analysis of coordination of U, Np, Pu, and Am with HA-, HB-, and 
HC-  
 
The distance from the actinide ion to the axial oxygen atoms was found to decrease with 
increasing atomic number of the actinide. In the case in which there was only when cyclic ligand 
[AnO2L(NO3)(CH3OH)], the distance from the actinide ion to the axial oxygen atoms ranged 
from 1.773 to 1.736 Å, and it was found that for all cases, one of the two axial oxygen atoms in 
the AnO2
+2
 was 0.001 Å closer to the actinide ion than the other oxygen. In the presence of two 
cyclic ligands [AnO2L2], the axial oxygen atoms were equidistant to the actinide ion in all cases. 




, the distance between the actinide ions and the 
axial oxygen atoms decreased with increasing atomic number of the actinide. In the case of HB
-
, 
this distance decreased from uranium to neptunium and to plutonium, but increased slightly from 
plutonium to americium (by 0.003 Å). In the case of H2A and H2B the distance to the equatorial 
oxygen atoms decreased from uranium to neptunium to plutonium, buy slightly increased to 
americium (by 0.003, 0.007 Å, respectively). For H2B this distance increased from uranium to 
neptunium, decreased to plutonium, and increased to americium. The nitrogen atom in the 
coordination shell was found closer to the actinide ion as the atomic number of the actinide 




 for AnO2L2 compounds. 
With the three studied ligands in AnO2L2 compounds, the equatorial oxygen atoms were found 
closest to the actinide ions when L = HA
-
, farthest with L = HB
-
, and between the shortest and 
largest distance when L = HC
-
. The axial oxygen atoms were found to be closest to the actinide 
ion with H2B, and farthest with H2C. The nitrogen atom in the coordination shell was found to 
follow the same trend as the equatorial oxygen atoms for uranium and neptunium. For plutonium 
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and americium the distance to the nitrogen atom was largest in both cases, for H2A and H2C.  
Sections IV.F.1, IV.F.2, IV.F.3, and IV.F.4 show details pertaining these findings. 
 
1. AnO2L(NO3)(CH3OH); with L = HA- 
 
The compound AnO2L(NO3)(CH3OH) was optimized for An = U, Np, Pu, and Am for L = HA
-
. 
The optimized structures and bond lengths are shown in Figure IV-8, Figure IV-13, Figure IV-14 
to Figure IV-19, and Table IV-3. The distance between the actinide ion and the axial oxygen 
atoms were found to be 1.775 Å and 1.773 Å in the uranium compound, decreasing to 1.736 Å 
and 1.734 Å in the americium compound. The distances with the equatorial oxygen atoms from 
the ligand are found at approximately 2.43 Å and 2.49 Å, with only one distance showing a 
distinct decrease with increasing atomic number of the actinide ion. The distance to the oxygen 
atoms in the nitrate are found from 2.520 Å and 2.509 Å with uranium, to 2.497 Å and 2.481 Å 
with americium, with a slight decrease in distance in most cases with increasing atomic number. 
The distance with the oxygen atom in the methanol was found to decrease between 2.593 Å with 
uranium and 2.577 Å with americium. The distance with the nitrogen atom in the coordination 
shell was found at an almost constant distance with respect to U, Np, Pu, and Am, at an average 
of 2.594 Å (with a standard deviation of 0.016). 
The distances between uranium and the equatorial atoms in its coordination shell were found at 
an average of 2.53 Å with a 0.060 standard deviation; for neptunium the average was 2.519 Å, 
with a standard deviation of 0.057; for plutonium the average was 2.515 Å with a standard 
deviation of 0.055; and for americium 2.508 Å with a 0.051 standard deviation. The average 
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distance from the uranium, neptunium, plutonium, and americium with the axial oxygen atom 
(O1) was 1.754 Å (with 0.016 standard deviation), and 1.753 Å with the other axial oxygen atom 
(O2). This distance with the oxygen atoms in the ligand was found at an average of 2.495 Å 
(0.007 standard deviation) and 2.433 Å (0.003 standard deviation). The distance with the 
nitrogen atom in the coordination shell from the ligand was found to be at an average of 2.594 Å, 
with a standard deviation of 0.016. The average distance with the oxygen atom from the 
methanol was 2.583 Å with a standard deviation of 0.006. This average with the oxygen atoms in 
the nitrate was found to be 2.495 Å (with a standard deviation of 0.010, and 2.507 Å (with a 
standard deviation of 0.009). 
The presented average is the arithmetic mean of the calculated An-X bond lengths (with X being 
the atoms in the coordination shell). The indicated σ is the standard deviation found for the 











Table IV-3: Comparisson of coordination shell bond lengths for AnO2L(NO3)(CH3OH); with L = HA
-
, and An=U, Np, Pu, Am. 
Distances (Å) An = U An = Np An = Pu An = Am Average σ 
An -- O1 1.775 1.765 1.741 1.736 1.754 0.016 
An -- O2 1.773 1.763 1.742 1.734 1.753 0.016 
An -- O3 2.435 2.432 2.428 2.435 2.433 0.003 
An -- O4 2.593 2.584 2.578 2.577 2.583 0.006 
An -- O5 2.504 2.497 2.494 2.484 2.495 0.007 
An -- O6 2.520 2.511 2.500 2.497 2.507 0.009 
An -- O7 2.509 2.492 2.498 2.481 2.495 0.010 
An -- N3 2.616 2.597 2.592 2.571 2.594 0.016 
An –O 
axial 
average 1.774 1.764 1.742 1.735 1.754 0.016 
σ 0.001 0.001 0.000 0.001 - - 
An –O 
equatorial 
average 2.512 2.503 2.500 2.495 2.502 0.006 





Figure IV-13: U-X distances in coordination shell for optimizaed UO2L(NO3)(CH3OH); with L = HA
































Figure IV-18: Am-X distances in coordination shell for optimized AmO2L(NO3)(CH3OH); with L = HA
-   
 
Figure IV-19: Am-X distances in coordination shell for optimized AmO2L(NO3)(CH3OH); with L = HA
- 
 
2. AnO2L2; with L = HA- 
 
The compound AnO2L2 was optimized for An = U, Np, Pu, and Am for L = HA
-
. The optimized 
structures and bond lengths are shown in Figure IV-20 to Figure IV-23, and Table IV-4. The 
bond length of the An-O distance for axial oxygen atoms was found to be equidistant for both 
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oxygen atoms in all cases, ranging from 1.779 Å for uranium, and 1.740 Å with americium. The 
bond length with the equatorial oxygen atoms was found to be equidistant for uranium, 
plutonium, and americium, at 2.502 Å, 2.492 Å, and 2.495 Å, respectively. In the case of 
neptunium, two oxygen atoms were found at 2.493 Å, and the remaining ones at 2.499 Å and 
2.498 Å. The distance between the actinide ion and the nitrogen atom in the coordination shell 
ranged from 2.660 Å with uranium, decreasing to 2.621 Å with americium. In all cases the 
distance to the nitrogen atom in both ligands was equidistant. 
 
 
Table IV-4: Comparison of coordination shell bond lengths for AnO2L2; with L = HA
-
, and An=U, Np, Pu, Am   
Distances (Å) An = U An = Np An = Pu An = Am Average σ 
An -- O1 2.502 2.499 2.492 2.495 2.497 0.004 
An -- O2 2.502 2.498 2.492 2.495 2.497 0.004 
An -- O3 2.502 2.493 2.492 2.495 2.496 0.004 
An -- O4 2.502 2.493 2.492 2.495 2.496 0.004 
An -- O5 1.779 1.757 1.747 1.740 1.756 0.015 
An -- O6 1.779 1.757 1.747 1.740 1.756 0.015 
An -- N3 2.660 2.643 2.635 2.621 2.640 0.014 
An -- N6 2.660 2.643 2.635 2.621 2.640 0.014 
An –O 
axial 
average 1.779 1.757 1.747 1.740 1.756 0.015 
σ 0.000 0.000 0.000 0.000 - - 
An –O 
equatorial 
average 2.502 2.496 2.492 2.495 2.496 0.004 
σ 0.000 0.003 0.000 0.000 - - 
An –N3 
An –N6 
average 2.660 2.643 2.635 2.621 2.640 0.014 






































3. AnO2L2; with L = HB- 
 
The compound AnO2L2 was optimized for An = U, Np, Pu, and Am for L = HB
-
. The optimized 
structures and bond lengths are shown in Figure IV-24 to Figure IV-27, and Table IV-5. The 
bond length of the An-O distance for axial oxygen atoms was found to be equidistant for both 
oxygen atoms in all cases, ranging from 1.776 Å for uranium, and 1.736 Å with americium. The 
distance from the actinide ion to the equatorial oxygen atoms was found to be equidistant for 
uranium and plutonium, at 2.625 Å, and 2.605 Å, respectively. In the case of neptunium, the 
equatorial oxygen atoms were found at 2.639 Å, and the remaining ones at 2.601; and for 
americium, two were found at 2.620 Å, and the remaining at 2.619 Å. The distance between the 
actinide ion and the nitrogen atom in the coordination shell ranged from 2.488 Å with uranium, 
decreasing to 2.447 Å with americium. In all cases the distance to the nitrogen atom in both 












Table IV-5: Comparison of coordination shell bond lengths for AnO2L2; with L = HB
-
, and An=U, Np, Pu, Am 
Distances (Å) An = U An = Np An = Pu An = Am Average σ 
An -- O1 2.625 2.639 2.605 2.620 2.622 0.012 
An -- O2 2.625 2.639 2.605 2.620 2.622 0.012 
An -- O3 2.625 2.601 2.605 2.619 2.613 0.010 
An -- O4 2.625 2.601 2.605 2.619 2.613 0.010 
An -- O5 1.776 1.754 1.733 1.736 1.750 0.017 
An -- O6 1.776 1.754 1.733 1.736 1.750 0.017 
An -- N3 2.488 2.474 2.472 2.447 2.470 0.015 
An -- N6 2.488 2.474 2.472 2.447 2.470 0.015 
An –O 
axial 
average 1.776 1.754 1.733 1.736 1.750 0.017 
σ 0.000 0.000 0.000 0.000 - - 
An –O 
equatorial 
average 2.625 2.620 2.605 2.620 2.617 0.007 
σ 0.000 0.019 0.000 0.000 - - 
An –N3 
An –N6 
average 2.488 2.474 2.472 2.447 2.470 0.015 





















Figure IV-27: Am-X distances in coordination shell for optimized AmO2L2; with L = HB
- 
 
4. AnO2L2; with L = HC- 
 
The compound AnO2L2 was optimized for An = U, Np, Pu, and Am for L = HC
-
. The optimized 
structures and bond lengths are shown in Figure IV-28 to Figure IV-31, Table IV-6. The bond 
length of the An-O distance for axial oxygen atoms was found to be equidistant for both oxygen 
atoms in all cases, ranging from 1.781 Å for uranium, to 1.742 Å with americium. The bond 
length with the equatorial oxygen atoms was found to be equidistant for plutonium, and 
americium, at 2.502 Å, and 2.509 Å, respectively. In the case of uranium, two oxygen atoms 
were found at 2.511 Å, and the remaining ones at 2.510 Å, and for neptunium at 2.511 Å, and 
2.509 Å. The distance between the actinide ion and the nitrogen atom in the coordination shell 
ranged from 2.657 Å with uranium, decreasing to 2.621 Å with americium. In all cases the 






Table IV-6: Comparison of coordination shell bond lengths for AnO2L2; with L = HC
-
, and An=U, Np, Pu, Am 
Distances (Å) An = U An = Np An = Pu An = Am Average σ 
An -- O1 2.511 2.511 2.502 2.509 2.508 0.004 
An -- O2 2.511 2.511 2.502 2.509 2.508 0.004 
An -- O3 2.509 2.510 2.502 2.509 2.508 0.003 
An -- O4 2.509 2.510 2.502 2.509 2.508 0.003 
An -- O5 1.770 1.781 1.748 1.742 1.760 0.016 
An -- O6 1.770 1.781 1.748 1.742 1.760 0.016 
An -- N3 2.639 2.657 2.635 2.621 2.638 0.013 
An -- N6 2.639 2.657 2.635 2.621 2.638 0.013 
An –O 
axial 
average 1.781 1.770 1.748 1.742 1.760 0.016 
σ 0.000 0.000 0.000 0.000 - - 
An –O 
equatorial 
average 2.511 2.510 2.502 2.509 2.508 0.003 
σ 0.001 0.001 0.000 0.000 - - 
An –N3 
An –N6 
average 2.657 2.639 2.635 2.621 2.638 0.013 

































G. Bond Length Analysis of Isolated Ligands vs. Ligands Bound to 
Actinides   
 
It is believed that a shortening of the bond lengths in the backbone of the ligand contributes to a 
delocalized electronic density that contributes to the ability of a ligand to bind to actinides (80). 
Seeking to understand potential effects of this bond shortening and its impact in binding,  this 
section explores in detail the bond length changes in the three studied ligands H2A, H2B, and 
H2C, in the AnO2L(NO3)(CH3OH) and AnO2L2 compounds with uranium neptunium, plutonium, 
and americium. 
When studying changes in the bond lengths of the backbone in the three studied ligands, it can be 
concluded that the largest shortening in the O-N bond length occurred with the H2A ligand, and 
the smallest was found with the H2B ligand. The change of the distance between the outer N-C 
was relatively constant for the three ligands, and the inner C-N shortening was largest for H2C, 
and smallest for H2A (but only 0.001 Å shorter than H2B). 
When bound to actinides the O-N bond length showed a shortening average of 0.096 and 0.083 
Å in AnO2L(NO3)(CH3OH) (with the last symmetric with respect to methanol) with HA
-
. The 
shortening of 0.096 Å was also seen in AnO2L2; with L = HA
-
. This was the largest shortening 




, this bond length difference varied with a ±0.003 Å standard deviation 
for HB
-
, and it showed an increase in bond length for HC
-
. 





1. H2A ligand 
 
The ligand H2A and HA
-
 were optimized. Figure IV-32, Figure IV-33, and Figure IV-34 show 
the optimized structures of H2A and both tautomers of HA
-
. Table IV-7 shows the difference in 
bond lengths in the backbone of the ligand in the neutral and deprotonated forms of the 
compound. When deprotonating the acid, the keto-enol tautomer of the compound presented a 
0.119 Å shorter O-N bond than the corresponding one in H2A. The outer N-C bond in the 
deprotonated ligand increased by 0.055 Å, and the inner C-N bond lengths shortened by 0.044 Å.   
 
Figure IV-32: Distances in backbone for optimized H2A 
 
 






Figure IV-34: Distances in backbone for optimized HA- (not rearranged into keto-enol tautomer) 
 
Table IV-7: Bond lengths in backbone of ligand H2A, HA-, and HA- (not rearranged into keto-enol tautomer) 
Bond lengths (Å) O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
H2A 1.415 1.291 1.380 1.380 1.291 1.415 
HA
-
 1.296 1.346 1.336 1.336 1.346 1.296 




a) Ligand bound to actinides in AnO2L(NO3)(CH3OH); with L = 
HA- 
 
The bond lengths of the backbone of the HA- ligand bound to uranium, neptunium, plutonium, 
and americium in the compound AnO2L(NO3)(CH3OH) was studied. The differences found are 
shown in Table IV-8 to Table IV-11, Figure IV-35, and Figure IV-37, to Figure IV-40. 
The bond lengths in the backbone of the bound ligand differed from the isolated ligand almost in 
the same length for uranium, neptunium, plutonium, and americium in AnO2L(NO3)(CH3OH). 
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The largest difference was a decrease in the length of the O-N bond (on the methanol side) of 
approximately 0.096 Å amongst uranium, neptunium, plutonium, and americium (with a 
standard deviation of 0.001). The following N-C bond length increased by an average of 0.028 
(with a standard deviation of 0.000). The C-N bond length to follow, decreased by an average of 
0.032  Å amongst the four different compounds being compared (with a standard deviation of 
0.001). The following bond of N-C decreased by an average of 0.040 Å (with a standard 
deviation of 0.001). The next, C-N bond increased in 0.030 Å (with a standard deviation of 
0.000. The last N-O bond was reduced in an average of 0.083 Å (with a 0.000 standard 
deviation). 
It can be concluded that although there was a change in bond length of the backbone of the 
ligand when bound in the actinide-compounds, it seems to be independent of the actinide present. 
 




Figure IV-36: Distances in backbone for optimized AmO2L(NO3)(CH3OH); with L = HA- 
 
Table IV-8: Comparison of distances in ligand backbone when isolated vs. bound to U in UO2(L)(NO3)(CH3OH) 
Bond lengths (Å) O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
UO2(L)(NO3)(CH3OH) 1.320 1.318 1.348 1.340 1.320 1.332 
Ligand H2A 1.415 1.291 1.380 1.380 1.291 1.415 
Difference -0.095 0.027 -0.032 -0.040 0.029 -0.083 
 
Table IV-9: Comparison of distances in ligand backbone when isolated vs. bound to Np in NpO2(L)(NO3)(CH3OH) 
Bond lengths (Å) O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
NpO2(L)(NO3)(CH3OH) 1.320 1.319 1.348 1.339 1.321 1.332 
Ligand H2A 1.415 1.291 1.380 1.380 1.291 1.415 




Table IV-10: Comparison of distances in ligand backbone when isolated vs. bound to Pu in PuO2(L)(NO3)(CH3OH) 
Bond lengths (Å) O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
PuO2(L)(NO3)(CH3OH) 1.319 1.319 1.347 1.339 1.321 1.333 
Ligand H2A 1.415 1.291 1.380 1.380 1.291 1.415 
Difference -0.096 0.028 -0.033 -0.041 0.030 -0.082 
 
Table IV-11: Comparison of distances in ligand backbone when isolated vs. bound to Am in AmO2(L)(NO3)(CH3OH) 
Bond lengths (Å) O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
AmO2(L)(NO3)(CH3OH) 1.317 1.318 1.349 1.340 1.320 1.332 
Ligand H2A 1.415 1.291 1.380 1.380 1.291 1.415 
Difference -0.098 0.027 -0.031 -0.040 0.029 -0.083 
 





Differences in Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
An = U -0.095 0.027 -0.032 -0.040 0.029 -0.083 
An = Np -0.095 0.028 -0.032 -0.041 0.030 -0.083 
An = Pu -0.096 0.028 -0.033 -0.041 0.030 -0.082 
An = Am -0.098 0.027 -0.031 -0.040 0.029 -0.083 
average -0.096 0.028 -0.032 -0.040 0.030 -0.083 




b) AnO2L2; with L = HA-  
 
Changes in the ligand’s backbone when bound to uranium, neptunium, plutonium, and 
americium in AnO2L2 were studied. The findings are shown in Figure IV-37, to Figure 
IV-40, Table IV-13 to Table IV-17. The O-N distances in the bound ligand were reduced an 
average of 0.096 Å and 0.097 Å (standard deviation of 0.000). The following outer N-C 
distances in the bound ligand increased an average of 0.029 (with a standard deviation of 
0.000 and 0.001). The inner C-N distances were reduced 0.037 Å in the bound state (with a 
standard deviation of 0.001 Å). 
There were significant changes in the bond lengths of the isolated ligand with respect to the 
bound ligand in AnO2L2; with L = HA
-
; however, given the results presented, a particular 
difference for this ligand with the different actinides studied was not found. 
 




























O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
UO2L2 1.319 1.319 1.319 1.320 1.343 1.343 1.343 1.343 1.320 1.320 1.319 1.319 
Ligand H2A 1.415 1.415 1.291 1.291 1.380 1.380 1.380 1.380 1.291 1.291 1.415 1.415 
Difference -0.096 -0.096 0.028 0.029 -0.037 -0.037 -0.037 -0.037 0.029 0.029 -0.096 -0.096 
 
Table IV-14: Comparison of distances in ligand backbone for H2A when isolated vs. bound to Np in NpO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
NpO2L2 1.319 1.318 1.320 1.320 1.343 1.343 1.343 1.343 1.320 1.320 1.318 1.319 
Ligand H2A 1.415 1.415 1.291 1.291 1.380 1.380 1.380 1.380 1.291 1.291 1.415 1.415 






Table IV-15: Comparison of distances in ligand backbone for H2A when isolated vs. bound to Pu in PuO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
PuO2L2 1.319 1.319 1.321 1.321 1.341 1.341 1.341 1.341 1.321 1.321 1.319 1.319 
Ligand H2A 1.415 1.415 1.291 1.291 1.380 1.380 1.380 1.380 1.291 1.291 1.415 1.415 
Difference -0.096 -0.096 0.030 0.030 -0.039 -0.039 -0.039 -0.039 0.030 0.030 -0.096 -0.096 
 
Table IV-16: Comparison of distances in ligand backbone for H2A when isolated vs. bound to Am in AmO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
AmO2L2 1.318 1.318 1.320 1.320 1.343 1.343 1.343 1.343 1.320 1.320 1.318 1.318 
Ligand H2A 1.415 1.415 1.291 1.291 1.380 1.380 1.380 1.380 1.291 1.291 1.415 1.415 
Difference -0.097 -0.097 0.029 0.029 -0.037 -0.037 -0.037 -0.037 0.029 0.029 -0.097 -0.097 
 




in Bond lengths 
(Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
An = U -0.096 -0.096 0.028 0.029 -0.037 -0.037 -0.037 -0.037 0.029 0.029 -0.096 -0.096 
An = Np -0.096 -0.097 0.029 0.029 -0.037 -0.037 -0.037 -0.037 0.029 0.029 -0.097 -0.096 
An = Pu -0.096 -0.096 0.030 0.030 -0.039 -0.039 -0.039 -0.039 0.030 0.030 -0.096 -0.096 
An = Am -0.097 -0.097 0.029 0.029 -0.037 -0.037 -0.037 -0.037 0.029 0.029 -0.097 -0.097 
average -0.096 -0.097 0.029 0.029 -0.037 -0.037 -0.037 -0.037 0.029 0.029 -0.097 -0.096 
σ 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 
 
 
   
160 
 
2. H2B ligand 
 
The neutral and deprotonated states of H2B were studied. Figure IV-41, Figure IV-42, and Table 
IV-18 show the results of these calculations. It can be concluded that the O-N bond lengths are 
significantly reduced in the deprotonated form. There was a shortening of 0.113 Å in the O-N 
bond lengths, an increase of 0.050 Å in the outer N-C bond lengths, and a decrease of 0.036 Å in 
the inner C-N bond lengths. Figure IV-41, Figure IV-42, and Table IV-18 show the discussed 
results. 
 





Figure IV-42: Distances in backbone for optimized HB
- 
Table IV-18: Bond length in backbone of ligand H2B and HB- 
Bond lengths 
(Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
H2B 1.415 1.282 1.388 1.388 1.282 1.415 
HB- 1.302 1.332 1.352 1.352 1.332 1.302 




a) Ligand bound to actinides in AnO2L2; with L = HB- 
 
The deprotonated ligand HB
-
 was studied in AnO2L2 for uranium, neptunium, plutonium, and 
americium. Figure IV-43 to Figure IV-46, Table IV-19 to Table IV-23 show the results from the 
calculations for AnO2L2; with L = HB
-
. I shortening in the O-N bond was found for HB
-
 bound 
to uranium, neptunium, plutonium, and americium in an average of 0.094 Å (with a standard 
deviation of 0.003 and 0.002). The largest shortening occurred for plutonium (0.098 Å), and the 
smallest change for neptunium (0.091 Å). The outer N-C bond lengths showed an average 
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increase of 0.036 Å (with a standard deviation of 0.010). The inner C-N bonds presented an 
average shortening of 0.040 (with a standard deviation of 0.000 and 0.001. 
In the case of H2B, different actinides presented slight differences in shortening of the O-N bond 
length, possibly creating a different electron withdrawing effect, with further delocalization 
effects that can contribute to better binding effects for selective binding to plutonium. 
 
Figure IV-43: Distances in backbone for optimized UO2L2; with L = HB
- 
 





















Table IV-19: Comparison of distances in ligand backbone for H2B when isolated vs. bound to U in UO2L2  
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
UO2L2 1.323 1.323 1.312 1.312 1.347 1.347 1.347 1.347 1.312 1.312 1.323 1.323 
Ligand H2B 1.415 1.415 1.282 1.282 1.388 1.388 1.388 1.388 1.282 1.282 1.415 1.415 
Difference -0.092 -0.092 0.030 0.030 -0.041 -0.041 -0.041 -0.041 0.030 0.030 -0.092 -0.092 
 
Table IV-20: Comparison of distances in ligand backbone for H2B when isolated vs. bound to Np in NpO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
NpO2L2 1.324 1.321 1.312 1.312 1.347 1.348 1.348 1.347 1.312 1.312 1.321 1.324 
Ligand H2B 1.415 1.415 1.282 1.282 1.388 1.388 1.388 1.388 1.282 1.282 1.415 1.415 
Difference -0.091 -0.094 0.030 0.030 -0.041 -0.040 -0.040 -0.041 0.030 0.030 -0.094 -0.091 
 
 
Table IV-21: Comparison of distances in ligand backbone for H2B when isolated vs. bound to Pu in PuO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
PuO2L2 1.317 1.317 1.335 1.335 1.348 1.348 1.348 1.348 1.335 1.335 1.317 1.317 
Ligand H2B 1.415 1.415 1.282 1.282 1.388 1.388 1.388 1.388 1.282 1.282 1.415 1.415 
Difference -0.098 -0.098 0.053 0.053 -0.040 -0.040 -0.040 -0.040 0.053 0.053 -0.098 -0.098 
 
 
Table IV-22: Comparison of distances in ligand backbone for H2B when isolated vs. bound to Am in AmO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
AmO2L2 1.322 1.322 1.312 1.312 1.348 1.348 1.348 1.348 1.312 1.312 1.322 1.322 
Ligand H2B 1.415 1.415 1.282 1.282 1.388 1.388 1.388 1.388 1.282 1.282 1.415 1.415 









Bond lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
An = U -0.092 -0.092 0.030 0.030 -0.041 -0.041 -0.041 -0.041 0.030 0.030 -0.092 -0.092 
An = Np -0.091 -0.094 0.030 0.030 -0.041 -0.040 -0.040 -0.041 0.030 0.030 -0.094 -0.091 
An = Pu -0.098 -0.098 0.053 0.053 -0.040 -0.040 -0.040 -0.040 0.053 0.053 -0.098 -0.098 
An = Am -0.093 -0.093 0.030 0.030 -0.040 -0.040 -0.040 -0.040 0.030 0.030 -0.093 -0.093 
average -0.094 -0.094 0.036 0.036 -0.040 -0.040 -0.040 -0.040 0.036 0.036 -0.094 -0.094 




3. H2C ligand 
 
The neutral and singly deprotonated forms of the H2C ligand were studied. A shortening in the 
O-N bond lengths was found to be 0.116 Å, with an increase of 0.050 Å in the outer N-C 
distances, and a decrease of 0.045 Å in the inner C-N distances. Figure IV-47, Figure IV-48 and 





Figure IV-47: Distances in backbone for optimized H2C 
 
 
Figure IV-48: Distances in backbone for optimized HC
- 
 
Table IV-24: Bond length in backbone of ligand H2C and HC- 
Bond lengths 
(Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
H2C 1.424 1.284 1.383 1.383 1.284 1.424 
HC
-
 1.308 1.334 1.338 1.338 1.334 1.308 





a) Ligand bound to actinides in AnO2L2; with L = HC- 
 
The bond lengths for HC
-
 bound to uranium, neptunium, plutonium, and americium was 
studied in order to determine a possible delocalization effect with respect to the neutral form 
of the ligand. An increase in the O-N bond length of 0.017 Å (with a standard deviation of 
0.001), a decrease in the outer N-C distances in 0.036 Å (with a standard deviation of 0.001), 
and an increase in the inner C-N bond length of an average of 0.003 Å (standard deviation of 
0.000 and 0.001). Slight changes in distances for different actinides bound to the ligand are 
summarized in Table IV-29. These results are shown in Figure IV-49, to Figure IV-52, and 
Table IV-25 to Table IV-28. 
 





















Table IV-25: Comparison of distances in ligand backbone for H2C when isolated vs. bound to U in UO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
UO2L2 1.326 1.326 1.311 1.311 1.341 1.341 1.341 1.341 1.311 1.311 1.326 1.326 
Ligand H2C 1.308 1.308 1.334 1.334 1.338 1.338 1.338 1.338 1.334 1.334 1.308 1.308 
Difference 0.018 0.018 -0.023 -0.023 0.003 0.003 0.003 0.003 -0.023 -0.023 0.018 0.018 
 
Table IV-26: Comparison of distances in ligand backbone for H2C when isolated vs. bound to Np in NpO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
NpO2L2 1.325 1.325 1.311 1.311 1.342 1.342 1.342 1.342 1.311 1.311 1.325 1.325 
Ligand H2C 1.308 1.308 1.334 1.334 1.338 1.338 1.338 1.338 1.334 1.334 1.308 1.308 




Table IV-27: Comparison of distances in ligand backbone for H2C when isolated vs. bound to Pu in PuO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
PuO2L2 1.326 1.326 1.312 1.312 1.340 1.340 1.340 1.340 1.312 1.312 1.326 1.326 
Ligand H2C 1.308 1.308 1.334 1.334 1.338 1.338 1.338 1.338 1.334 1.334 1.308 1.308 
Difference 0.018 0.018 -0.022 -0.022 0.002 0.002 0.002 0.002 -0.022 -0.022 0.018 0.018 
 
Table IV-28: Comparison of distances in ligand backbone for H2C when isolated vs. bound to Am in AmO2L2 
Bond 
lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
AmO2L2 1.324 1.324 1.312 1.312 1.341 1.341 1.341 1.341 1.312 1.312 1.324 1.324 
Ligand H2C 1.308 1.308 1.334 1.334 1.338 1.338 1.338 1.338 1.334 1.334 1.308 1.308 
Difference 0.016 0.016 -0.022 -0.022 0.003 0.003 0.003 0.003 -0.022 -0.022 0.016 0.016 
 





Bond lengths (Å) 
O3–N1 N1–C1 C1–N3 N3–C3 C3–N2 N2–O5 
An = U 0.018 0.018 -0.023 -0.023 0.003 0.003 0.003 0.003 -0.023 -0.023 0.018 0.018 
An = Np 0.017 0.017 -0.023 -0.023 0.004 0.004 0.004 0.004 -0.023 -0.023 0.017 0.017 
An = Pu 0.018 0.018 -0.022 -0.022 0.002 0.002 0.002 0.002 -0.022 -0.022 0.018 0.018 
An = Am 0.016 0.016 -0.022 -0.022 0.003 0.003 0.003 0.003 -0.022 -0.022 0.016 0.016 
average 0.017 0.017 -0.023 -0.023 0.003 0.003 0.003 0.003 -0.023 -0.023 0.017 0.017 






H. Mulliken Charges Analysis 
 
Mulliken charges were calculated for the H2A, H2B, and H2C ligand, and their associated 
deprotonated form. These charges were also calculated for AnO2L(NO3)(CH3OH), and AnO2L2, 







The Mulliken charges of the actinide ions showed the highest charge when the actinide was 
bound to HB
-
, and lowest when bound to HC
-
. The oxygen atoms in the AnO2 showed a larger 
range, and not a distinct trend amongst the ligands. The oxygen atoms in the backbone showed 
the largest Mulliken charge for HA- in all cases, decreasing when the size of the ligand 
decreased, suggesting a lessening of electronic withdrawing effects with decreasing size of the 
rings in the ligand. The Mulliken charges in the central nitrogen atom presented very small 
differences for HA- and HB-, but larger (approximately 0.10 less) for HC-, suggesting that the 
smaller ring in the ligand has a lesser electron withdrawing effect on the backbone. The carbon 
showed an overall decrease in Mulliken charge with decreasing ligand, except for plutonium. A 
full comparison of Mulliken charges for all compounds studied is shown in Table IV-30. 








Table IV-30: Comparison of Mulliken charges in AnO2L2; with L = HA
-, HB-, and HC-, and An=U, Np, Pu, Am 
Mulliken 
Charge 


























An 2.11 2.22 2.10 1.81 2.05 1.54 1.42 1.46 1.38 2.56 2.62 2.55 
O1 -0.56 -0.52 -0.58 -0.44 -0.48 -0.19 -0.45 -0.48 -0.48 -0.62 -0.61 -0.65 
O2 -0.56 -0.52 -0.58 -0.44 -0.48 -0.10 -0.45 -0.48 -0.48 -0.62 -0.61 -0.65 
O5 
-0.08 -0.18 -0.23 -0.08 -0.18 -0.26 -0.05 -0.08 -0.18 -0.15 -0.21 -0.28 
-0.08 -0.18 -0.23 -0.08 -0.17 -0.26 -0.05 -0.08 -0.18 -0.15 -0.21 -0.28 
N2 
-0.38 -0.36 -0.26 -0.35 -0.35 -0.27 -0.33 -0.37 -0.23 -0.36 -0.35 -0.25 
-0.38 -0.36 -0.26 -0.35 -0.36 -0.27 -0.33 -0.37 -0.23 -0.36 -0.35 -0.25 
C3 
-0.11 -0.03 0.01 -0.09 0.03 0.02 -0.66 0.08 -0.05 -0.11 0.04 0.00 
-0.11 -0.03 0.01 -0.09 0.03 0.02 -0.06 0.08 0.05 -0.11 0.04 0.00 
N3 
-0.12 -0.24 -0.23 -0.15 -0.23 -0.23 -0.13 -0.12 -0.21 -0.23 -0.35 -0.32 
-0.12 -0.24 -0.23 -0.15 -0.23 -0.23 -0.13 -0.12 -0.21 -0.23 -0.35 -0.32 
C1 
-0.11 -0.03 0.01 -0.09 0.03 0.02 -0.06 0.08 0.05 -0.11 0.04 0.00 
-0.11 -0.03 0.01 -0.10 0.03 0.02 -0.06 0.08 0.05 -0.11 0.04 0.00 
N1 
-0.38 -0.36 -0.26 -0.35 -0.36 -0.27 -0.33 -0.37 -0.23 -0.36 -0.35 -0.25 
-0.38 -0.36 -0.26 -0.35 -0.35 -0.27 -0.33 -0.37 -0.23 -0.36 -0.35 -0.25 
O3 
-0.08 -0.18 -0.23 -0.08 -0.17 -0.26 -0.05 -0.08 -0.18 -0.15 -0.21 -0.28 
-0.08 -0.18 -0.23 -0.08 -0.18 -0.26 -0.05 -0.08 -0.18 -0.15 -0.21 -0.28 
 
1. Ligands and deprotonated ligands: H2A, H2B, H2C, HA-, HB-, HC- 
 
The oxygen atoms in the neutral ligands showed the same Mulliken charge for H2A and H2B (-
0.08), and -0.17 for H2C, suggesting that the configuration of the rings in H2C create a less 
electron withdrawing effect on the backbone than the heavier H2A and H2B. Figure IV-53 to 
Figure IV-55 show the mentioned results. In the case of the deprotonated ligands, the oxygen 
atoms presented a Mulliken charge of -0.21 for H2A, -0.24 for H2B, and -0.35 for H2C, 
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suggesting in this case as well that the lighter rings in HC
-
 produces a less electron withdrawing 
effect on the backbone. Table IV-31 shows a summary of these results. 
It is important to notice that not both oxygen atoms are equivalent in H2C and HC
-
, in which one 
oxygen atoms reflects almost twice the Mulliken charge of the other. This could suggest that the 
electron withdrawing effect is not uniform in the backbone. 
 
 
Figure IV-53: Mulliken charges for H2A 
 
 





Figure IV-55: Mulliken charges for H2C 
 
 






Figure IV-57: Mulliken charges for HB
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O1 -0.08 -0.08 -0.17 -0.21 -0.24 -0.35 
N1 -0.36 -0.39 -0.26 -0.26 -0.35 -0.18 
C1 0.04 0.11 -0.15 -0.13 -0.21 -0.04 
N3 -0.29 -0.28 -0.20 -0.15 -0.26 -0.22 
C3 0.04 0.11 -0.15 -0.13 -0.21 -0.04 
N2 -0.36 -0.39 -0.26 -0.21 -0.35 -0.35 
O2 -0.08 -0.08 -0.17 -0.26 -0.24 -0.18 
 




 is bound to uranium, neptunium, plutonium, and americium in the compound 
AnO2L(NO3)(CH3OH), the actinide ion showed a Mulliken charge ranging from 1.25 (Np), to 
2.4 (Am). The oxygen atoms in the backbone had a Mulliken charge ranging from -0.15 to -0.21 
in one end of the backbone, to a range of -0.06 to -0.15 on the other end. The nitrogen and 
carbon atoms in the backbone showed a shorter range. The results for the Mulliken charges are 






























Table IV-32: Comparison of Mulliken charges in AnO2L(NO3)(CH3OH); with L = HA
-
, and An=U, Np, Pu, Am. 
Mulliken 
Charge 
An = U An = Np An = Pu An = Am H2A HA
-
 
An 2.00 1.25 1.50 2.40 - - 
O1 -0.54 -0.05 -0.50 -0.57 - - 
O2 -0.54 -0.05 -0.47 -0.58 - - 
O5 -0.15 -0.20 -0.16 -0.21 -0.08 -0.21 
N2 -0.43 -0.46 -0.40 -0.43 -0.36 -0.26 
C3 -0.02 0.05 -0.05 0.00 0.04 -0.13 
N3 -0.21 -0.26 -0.17 -0.32 -0.29 -0.15 
C1 -0.08 0.01 -0.05 -0.07 0.04 -0.13 
N1 -0.37 -0.40 -0.32 -0.37 -0.36 -0.21 
O3 -0.08 -0.11 -0.06 -0.15 -0.08 -0.26 
O4 -0.40 -0.47 -0.27 -0.47 - - 
O6 -0.03 -0.08 0.03 -0.05 - - 
O7 -0.04 -0.08 0.02 -0.09 - - 
O8 -0.02 -0.02 -0.02 -0.01 - - 







3. AnO2L2; with L = HA- 
 
In the case of the symmetric HA- ligands bound to uranium, neptunium, plutonium, and 
americium, the oxygen atoms presented a Mulliken charge of -0.08 for uranium, and neptunium, 
-0.05 for plutonium, and -0.15 for americium. The actinide ions showed a Mulliken charge of 
2.11 for uranium, 1.81 for neptunium, 1.42 for plutonium, and 2.56 for americium, with the 
oxygen atoms in the AnO2 presenting a Mulliken charge ranging from -0.44 (neptunium) to -0.62 
(americium). The nitrogen atoms presented a small range, showing an almost constant Mulliken 
charge of -0.33 to -0.38 for the outer nitrogen atoms, and a range of -0.12 to -0.23 for the central 
nitrogen atoms. The carbon atoms also showed small variations, ranging froma Mulliken charge 
of -0.06 (plutonium), to -0.11 (americium). 
It can be concluded that the largest differences in Mulliken charge in the compounds are found  
in the actinide, and some in the oxygen atoms in the AnO2, and the oxygen atoms in the 
backbone of the ligands. Figure IV-20, to Figure IV-23, and Table IV-33 summarize the results 
obtained from Mulliken charges calculations for AnO2L2 with L = HA
-
 for uranium, neptunium, 






Figure IV-63: Mulliken charges in optimized UO2L2; with L = HA
-   
 
 


























Table IV-33: Comparison of Mulliken charges in AnO2L2; with L = HA
-
, and An=U, Np, Pu, Am 
Mulliken 
Charge 
An = U An = Np An = Pu An = Am 
An 2.11 1.81 1.42 2.56 
O1 -0.56 -0.44 -0.45 -0.62 
O2 -0.56 -0.44 -0.45 -0.62 
O5 
-0.08 -0.08 -0.05 -0.15 
-0.08 -0.08 -0.05 -0.15 
N2 
-0.38 -0.35 -0.33 -0.36 
-0.38 -0.35 -0.33 -0.36 
C3 
-0.11 -0.09 -0.06 -0.11 
-0.11 -0.09 -0.06 -0.11 
N3 
-0.12 -0.15 -0.13 -0.23 
-0.12 -0.15 -0.13 -0.23 
C1 
-0.11 -0.09 -0.06 -0.11 
-0.11 -0.10 -0.06 -0.11 
N1 
-0.38 -0.35 -0.33 -0.36 
-0.38 -0.35 -0.33 -0.36 
O3 
-0.08 -0.08 -0.05 -0.15 











4. AnO2L2; with L = HB- 
 
The Mulliken charges in AnO2L2 with L = HB
-
 showed the largest differences for the oxygen 
atoms in the backbone of the ligand, ranging from -0.08 (plutonium) to -0.21 (americium) on one 
end of the backbone, to -0.08 to -0.21 on the other end. The actinide ions showed a range of 1.46 
to 2.62, with the oxygen atoms in the AnO2 from -0.48 to -0.61. The nitrogen and carbon atoms 
in the backbone did not show a large range, suggesting a constant electron density distribution on 
these atoms independently from the actinide bound to the ligand. Figure IV-67 to Figure IV-70, 
and Table IV-34 show the Mulliken charges for each atom in the compound AnO2L2 with L = 
HB
-
 for uranium, neptunium, plutonium, and americium. 
 
   
 

















Figure IV-70: Mulliken charges in AmO2L2; with L = HB
- 
 
Table IV-34: Comparison of Mulliken charges in AnO2L2; with L = HB
-
, and An=U, Np, Pu, Am 
Mulliken 
Charge 
An = U An = Np An = Pu An = Am 
An 2.22 2.05 1.46 2.62 
O1 -0.52 -0.48 -0.48 -0.61 
O2 -0.52 -0.48 -0.48 -0.61 
O5 
-0.18 -0.18 -0.08 -0.21 
-0.18 -0.17 -0.08 -0.21 
N2 
-0.36 -0.35 -0.37 -0.35 
-0.36 -0.36 -0.37 -0.35 
C3 
-0.03 0.03 0.08 0.04 
-0.03 0.03 0.08 0.04 
N3 
-0.24 -0.23 -0.12 -0.35 
-0.24 -0.23 -0.12 -0.35 
C1 
-0.03 0.03 0.08 0.04 
-0.03 0.03 0.08 0.04 
N1 
-0.36 -0.36 -0.37 -0.35 
-0.36 -0.35 -0.37 -0.35 
O3 
-0.18 -0.17 -0.08 -0.21 





5. AnO2L2; with L = HC- 
 
In the case of the lighter HC
-
 ligand, the oxygen atoms in the backbone showed the largest range, 
from -0.18 to -0.28 on one end of the backbone, to -0.18 to -0.28 in the other end. The Mulliken 
charges on the actinide ions ranged from 1.38 (plutonium) to 2.55 (americium). The nitrogen and 
carbon atoms in the backbone presented only slight differences amongst the compounds, 
suggesting an electron density on these atoms independent from the actinide bound to the ligand. 
Figure IV-28 to Figure IV-31, and Table IV-35 show the detailed Mulliken charges for the 
AnO2L2 with L = HC
-  
for uranium, neptunium, plutonium, and americium. 
 




















Figure IV-74: Mulliken charges in AmO2L2; with L = HC
- 
 
Table IV-35: Comparison of Mulliken charges in AnO2L2; with L = HC
-
, and An=U, Np, Pu, Am 
Mulliken 
Charge 
An = U An = Np An = Pu An = Am 
An 2.10 1.54 1.38 2.55 
O1 -0.58 -0.19 -0.48 -0.65 
O2 -0.58 -0.10 -0.48 -0.65 
O5 
-0.23 -0.26 -0.18 -0.28 
-0.23 -0.26 -0.18 -0.28 
N2 
-0.26 -0.27 -0.23 -0.25 
-0.26 -0.27 -0.23 -0.25 
C3 
0.01 0.02 -0.05 0.00 
0.01 0.02 0.05 0.00 
N3 
-0.23 -0.23 -0.21 -0.32 
-0.23 -0.23 -0.21 -0.32 
C1 
0.01 0.02 0.05 0.00 
0.01 0.02 0.05 0.00 
N1 
-0.26 -0.27 -0.23 -0.25 
-0.26 -0.27 -0.23 -0.25 
O3 
-0.23 -0.26 -0.18 -0.28 




I. Conclusion and Future Work 
 
The Gibbs free energy calculations revealed that the H2A, H2B, and H2C ligands were efficient at 
separating uranium and plutonium from neptunium and americium. A neptunium compound was 
formed, but much more unstable than the corresponding ones with uranium and plutonium. From 
the results obtained, it can be concluded that an extractable americium compound would not be 
formed with any of these ligands. 
The distance from the actinide ion to the axial oxygen atoms was found to decrease with 
increasing atomic number of the actinide. In the presence of two cyclic ligands [AnO2L2], the 
axial oxygen atoms were equidistant to the actinide ion in all cases. The nitrogen atom in the 
coordination shell was found closer to the actinide ion as the atomic number of the actinide 




 for AnO2L2 compounds. With the three studied ligands in 
AnO2L2 compounds, the equatorial oxygen atoms were found closest to the actinide ions when L 
= HA
-
, farthest with L = HB
-
, and between the shortest and largest distance when L = HC
-
. The 
axial oxygen atoms were found to be closest to the actinide ion with H2B, and farthest with H2C. 
The nitrogen atom in the coordination shell was found to follow the same trend as the equatorial 
oxygen atoms for uranium and neptunium. For plutonium and americium the distance to the 
nitrogen atom was largest in both cases, for H2A and H2C.  
When studying changes in the bond lengths of the backbone in the three studied ligands, it was 
concluded that the largest shortening in the O-N bond length occurred with the H2A ligand, and 
the smallest was found with the H2B ligand. The change of the distance between the outer N-C 
was relatively constant for the three ligands, and the inner C-N shortening was largest for H2C, 
and smallest for H2A (but only 0.001 Å shorter than H2B). 
191 
 
The Mulliken charges of the actinide ions showed the highest charge when the actinide was 
bound to HB
-
, and lowest when bound to HC
-
. The oxygen atoms in the AnO2 showed a larger 
range, and not a distinct trend amongst the ligands. The oxygen atoms in the backbone showed 
the largest Mulliken charge for HA- in all cases, decreasing when the size of the ligand 
decreased, suggesting a lessening of electronic withdrawing effects with decreasing size of the 
rings in the ligand. The Mulliken charges in the central nitrogen atom presented very small 
differences for HA- and HB-, but larger for HC-, suggesting that the smaller ring in the ligand 
has a lesser electron withdrawing effect on the backbone. The carbon showed an overall decrease 
in Mulliken charge with decreasing ligand size, except for plutonium. 
The HOMO-LUMO gap was found to decrease as the ligand size increased. In the case of singly 
deprotonated ligands, the HOMO-LUMO gap was found to be largest for HB
-





. For all the actinide-compounds studied, the HOMO-LUMO gap was found to be 
largest for uranium, and smallest for americium, decreasing from uranium to americium. 
Future work will include calculations that consider the competition between formation of 
carbonates versus the type of complexes studied here, and also Gibbs Free energies of formation 
at different temperatures will be studied to account for effects of separating actinides in 








J. Appendix: Electronic density maps and HOMO-LUMO gap of 
ligands and compounds 
 
The HOMO-LUMO gap was found to decrease as the size of the ligand increased (largest for 
ligand H2C, and smallest for H2A). In the case of singly deprotonated ligands, the HOMO-
LUMO gap was found to be largest for HB
-




. For all 
the actinide-compounds studied, the HOMO-LUMO gap was found to be largest for the 
compounds with uranium, and smallest for americium, decreasing from uranium to americium. 
The HOMO-LUMO gap for UO2L2 compounds was found to increase with decreasing size of the 
ligand (largest for compounds with H2C, and smallest for compounds with H2A). For NpO2L2 
compounds, the largest gap was found with the H2A ligand, and smallest for the H2B ligand, 
although the range was observed to be smaller than for the UO2L2 compounds). The PuO2L2 
compounds presented an increase in gap as the size of the ligands decreased (largest for ligand 
H2C, and smallest for H2A). The gap calculated for PuO2L2 with the H2B ligand was 
inconsistent. Further work is required to validate this gap. 
The gaps calculated for AnO2L(NO3)(CH3OH) compounds with respect to the corresponding 
UO2L2 compounds with the ligand H2A were found to be larger for all the actinides studied. 
AnO2L2 compounds reflected a LUMO corresponding to f orbitals of the actinide. For UO2L2 
compounds, the HOMO was found to be of pz character (from oxygen and nitrogen atoms). The 
HOMO of NpO2L2 compounds presented a pz character (from oxygen atoms), but also included 
contributions from s and py orbitals. The s orbitals were contributions from nitrogen, oxygen, 
and carbon atoms, and the py orbitals from nitrogen atoms. PuO2L2 compounds presented a 
HOMO character of varied contributions from pz, py, and s orbitals mostly (from oxygen, 
nitrogen, and carbon atoms), and some from d orbitals in plutonium atoms. AmO2L2 compounds 
193 
 
showed a mostly pz HOMO character from oxygen, and nitrogen atoms, and a slight s 
contribution from americium in the case of H2C.  
Table IV-36 shows the calculated HOMO-LUMO gaps for each compound studied in this 







AnO2L(NO3)(CH3OH) with L = HA
-






 in Figure IV-75 to 
Figure IV-181. For illustrative purposes, orbital densities for orbitals lower than the HOMO are 














Table IV-36: HOMO-LUMO gap for H2A, H2B, H2C, HA
-, HB-, HC-, AnO2(HA)(CH3)(OH), AnO2(HA)2, AnO2(HB)2, and 












H2A -0.22 -0.08 0.14 86.26 3.74 
H2B -0.23 -0.07 0.16 98.97 4.29 
H2C -0.22 -0.02 0.21 130.83 5.67 
HA
-
 -0.03 0.03 0.06 37.78 1.64 
HB
-
 -0.02 0.06 0.08 53.18 2.31 
HC
-
 -0.00 0.07 0.08 47.13 2.04 
UO2(HA)(CH3OH)(NO3) -0.22 -0.12 0.10 61.23 2.66 
NpO2(HA)(CH3OH)(NO3) -0.22 -0.14 0.08 52.44 2.27 
PuO2(HA)(CH3OH)(NO3) -0.22 -0.15 0.07 44.83 1.94 
AmO2(HA)(CH3OH)(NO3) -0.22 -0.15 0.07 41.83 1.81 
UO2(HA)2 -0.18 -0.10 0.09 53.45 2.32 
NpO2(HA)2 -0.18 -0.10 0.08 49.64 2.15 
PuO2(HA)2 -0.18 -0.12 0.06 39.18 1.70 
AmO2(HA)2 -0.18 -0.12 0.05 34.31 1.49 
UO2(HB)2 -0.19 -0.09 0.09 59.23 2.57 
NpO2(HB)2 -0.18 -0.11 0.07 44.02 1.91 
PuO2(HB)2 -0.13 -0.14 0.01* 8.30* 0.36* 
AmO2(HB)2 -0.18 -0.13 0.05 31.08 1.35 
UO2(HC)2 -0.17 -0.07 0.11 68.57 2.97 
NpO2(HC)2 -0.17 -0.10 0.07 45.66 1.98 
PuO2(HC)2 -0.17 -0.11 0.06 40.51 1.76 
AmO2(HC)2 -0.17 -0.11 0.05 34.34 1.49 
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1. H2A Ligand and associated complexes 
 
a) Ligand H2A 
 
 
Figure IV-75: Orbital density of HOMO-10 of H2A 
 
 
Figure IV-76: Orbital density of HOMO-9 of H2A 
 
 





Figure IV-78: Orbital density of HOMO-7 of H2A 
 
 










Figure IV-81: Orbital density of HOMO-4 of H2A 
 
 
Figure IV-82: Orbital density of HOMO-3 of H2A 
 
 













Figure IV-86: Orbital density of LUMO of H2A 
 
b) Ligand HA- 
 
 


























































c) AnO2L(NO3)(CH3OH); with L = HA- 
 
 


















































































































































2. H2B Ligand and associated complexes  
 
a) AnO2L2; with L = HB- 
 
 



































































Figure IV-138: Orbital density LUMO AmO2L2; with L = HB
-   
 
 
Figure IV-139: Orbital density LUMO+1 AmO2L2; with L = HB
-   
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3. H2C Ligand and associated complexes 
 
a) Ligand H2C 
 
 
Figure IV-140: Orbital density of HOMO-1 of H2C 
 
 
Figure IV-141: Orbital density of HOMO of H2C (view 1) 
 
 





Figure IV-143: Orbital density of LUMO of H2C 
 
 
Figure IV-144: Orbital density of LUMO+1 of H2C 
 
b) Ligand HC- 
 
 





























































































Figure IV-165: Orbital density of LUMO+9 of HC
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c) AnO2L2; with L = HC- 
 
 





















































































Knowing endangered elements need to be reused and recycled, lanthanide compounds were 
studied seeking to contribute to the understanding of their complexation with different 
complexing agents, including acetic acid, 2-phenylbutyric acid, hexafluoroacetylacetone, and 
acetylacetone. Actinide complexes were also studied, seeking to contribute to the understanding 
of separations and extraction of radioactive elements by complexing the actinides with beta 
diketones. 
In most cases, lutetium was found to prefer a coordination number of eight, although some 
exceptions were found for a coordination of ten in compounds studied in a step-wise reaction 
mechanism. The equivalent sphere for lutetium was found to be approximately 54 Å
3
 with 
carboxylic acids. Substituting terminal hydrogen atoms by fluorine atoms (acetylacetone vs. 
hexafluoroacetylacetone) did not show a large difference in selectivity of lanthanides; however, 
the relative energies of formation of lanthanide-compounds with respect to different complexing 
agents showed lower energies for hexafluoroacetylacetone.  
Gibbs free energy calculations seemed to suggest that the three imide dioximes proposed would 
be good extracting agents to separate uranium and plutonium from neptunium and americium. 
The calculated relative Gibbs free energies of formation in the gas phase seem to suggest 
americium would not be bound to any of the proposed imide dioximes, and that neptunium 
would form a very unstable compound with the proposed imide dioximes. 
Future work will include studying the equivalent sphere and bond valence of lanthanides with 
different complexing agents. Environments in which there is excess complexing agents to predict 
a more accurate coordination will also be proposed. Also, solvation effects in the proposed 
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complexes should be studied, and results will be validated with experimental results as these 
become available. Studying Mulliken populations, and HOMO-LUMO character of compounds 
will also be included expecting to be able to find relevant changes in these orbitals to make better 
predictions regarding complexation, and therefore, selectivity of extraction. Future work for 
extraction of uranium from seawater, and for ther selective separation of actinides will include 
calculations including a reactant in the formation including carbonates, and also Gibbs Free 
energies of formation at different temperatures seeking to understand possible temperature 
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